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ABSTRACT 
Photosynthesis is a central biological process that produces all our food and 
the majority of energy used by human beings. Intense attention has been 
focused on using photosynthetic organisms or mechanisms adapted from 
photosynthesis as sources to produce cheap, clean and renewable energy. A 
deep understanding of the molecular mechanism of the photosynthetic 
processes is essential as part of that effort. 
 
Photosynthetic prokaryotes called green sulfur bacteria (GSB) have been 
used as model species to understand the mechanism of the energy capture 
and storage and the molecular structures of the complexes that mediate this 
process. The photosystem of GSB includes a large antenna complex called a 
chlorosome. After light is captured by the chlorosome, the photon energy is 
transferred through two pigment-binding proteins, the baseplate protein and 
the Fenna-Matthews-Olson or FMO protein, to the reaction center where 
excitation energy is converted to chemical energy. The membrane-attached 
FMO protein functions as a “wire” to transfer the excitation energy from the 
peripheral antenna chlorosome to the reaction center. The isolated FMO 
protein has long been a model system to understand energy transfer 
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mechanisms and has been investigated by a large variety of spectroscopic 
and theoretical studies. 
 
In the thesis, the structural and functional properties of the FMO protein 
were further investigated by studying the protein isolated from different 
species and also a genetically modified version. In addition, the interaction 
network in vivo centered on the FMO protein was elucidated.  
 
The structure of the FMO protein from P. aestuarii 2K was solved to 1.3 Å 
resolutions, and an 8th pigment was discovered. The nature and 
stoichiometry of the 8th pigment in the protein was studied by native 
electrospray mass spectrometry (MS) coupled to HPLC pigment analysis. 
The structure of the FMO protein from P. phaeum was also determined. The 
first FMO mutant generated by replacing the phytyl tail of the BChl a to 
geranylgeranyl in Chlorobaculum tepidum was characterized. Spectral and 
structural insights into the FMO protein were further gained from the 
comparative study of the FMO protein purified from a newly discovered 
sixth group of photosynthetic bacteria called Candidatus 
Chloracidobacterium thermophilum. The collection and study of the various 
FMO proteins have deepened our understanding of this antenna complex.  
  
 v 
The orientation of the FMO protein on the cytoplasmic membrane in vivo 
was determined by combining a specific chemical labeling method with MS 
analysis. The results gave the first experimental evidence that the BChl a #3 
side of the protein is in close contact with the membrane. This MS-based 
specific protein surface mapping method was further developed to study 
protein-ligand interactions. Furthermore, the detailed interaction between the 
FMO protein and the chlorosome, specifically the baseplate protein at the 
bottom of the chlorosome, was investigated using hydrogen/deuterium 
exchange coupled with MS analysis.  
 
The high excitation energy transfer efficiency observed in photosynthetic 
organisms relies on the optimal pigment-protein binding geometry in the 
individual protein complexes and also on the overall architecture of the 
photosystems. On the basis of this work, a general picture of the 
photosystem from GSB can be constructed. 
 
KEYWORDS: 
FMO protein; Energy transfer; Green sulfur bacteria; Native spray mass 
spectrometry; Protein surface mapping; Renewable energy 
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Chapter 1  
Introduction to the energy transfer mechanism and regulation in 
photosynthetic light harvesting antenna 
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Photosynthesis is a central biological process that has produced all our food and the 
majority of energy used by human beings (1). Intense attention has been focused on using 
photosynthetic organisms or mechanisms adapted from photosynthesis as sources to 
produce cheap, clean and renewable energy. A critical step along the road is to 
understand deeply the basic molecular mechanism of the photosynthetic process, which 
includes the mechanism of the energy capture and storage and the molecular structures of 
the complexes that mediate this process.   
 
An essential group of molecules in the whole photosynthetic process is pigments, which 
also makes the world so colorful. The library of pigment molecules nature has produced 
includes (bacterio)chlolorophylls, which are porphyrin-based pigments (2), bilins, which 
are open-chain tetrapyrol molecules (3), and all kinds of carotenoids (4) (Fig. 1). By 
slightly modifying the structure of the pigments, nature has obtained the ability to tune 
the absorption wavelength of different pigments so that they cover almost the entire 
UV/Vis/NIR spectrum of solar radiation.  In a single species, where limited types of 
pigments are synthesized, cells have extended their absorption cross section by tuning the 
absorption properties of the pigment through coupling to other nearby pigments and the 
surrounding protein environments. To do this, cells build specific pigment-protein 
complexes called light harvesting complexes (5-21, Fig. 2) whose functions are to absorb 
the photon energy and to transfer efficiently the energy to a complex called a reaction 
center (22-26, Fig. 3) where the light energy is converted into chemical energy that can 
be utilized by cellular processes.  Surprisingly, nature has built a quite diverse group of 
light-harvesting complexes, and almost every group of photosynthetic species has their 
unique light-harvesting complexes (3, 5-21).  However, no matter how different they are 
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Fig. 1  Certain pigments and their absorption. Bacteriochlorophyll a, chlorophyll d and 
chlorophyll a are porphyrin-based pigments with sequential blue-shifted Qy absorption 
peaks. Phycocyanobilin is shown as an example of bilins which are tetrapyrol porphyrin 
molecules covering the green region of the spectra. An example of carotenoid (beta-
caratene) is shown. 
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structurally, their main function is to harvest sunlight and to transfer the light energy 
efficiently to the reaction center (Fig. 4). The quantum yield of the transfer is very high; 
nearly every photon absorbed reaches the reaction center and initiates a charge separation 
under favorable conditions.  
 
It has been an interdisciplinary research effort to understand fully the energy transfer 
mechanism in photosynthesis. Biochemists provide natural or genetically modified 
protein samples (5, 6, 8, 11-13, 16-18, 27-30); crystallographers determine atomic 
resolution structures of these protein complexes (7, 9, 10, 14, 15, 19, 20, 26, 31, 32); 
spectroscopists develop and adopt very sophisticated techniques to probe experimentally 
the transfer process (33-39); and theoretists develop physical models to connect the 
structural information with the experimental results (40-51). Although there is not yet a 
generalized mechanism to describe all the excitation energy transfer processes, our 
understanding of this process has deepened in the past years (52-57).   
 
Energy transfer mechanism 
The appropriate theory for a given system depends on the relative strength of pigment-
pigment and pigment-protein coupling. Before we move on, we want to mention one very 
important parameter in understanding the spectroscopic properties of light harvesting 
complexes - the site energy of a pigment or transition energy (41, 44, 51). For the same 
kind of pigment in a protein complex, it will have different site energies owing to the 
interactions with the different local protein environments. Such pigment-protein 
interactions include: electrostatic interaction with surrounding charged amino acids (58,  
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Fig. 2  Structures of certain light harvesting antenna complexes. They are extremely 
structurally diverse, which indicates that they have multiple independent evolutionary 
origins.  
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Fig. 3  The electron transfer chain of PSI, PSII and RC from purple bacteria. They show 
very similar pseudosymetry suggesting a common an ancestor.   
 
 
 
 
 
 
 
 
 
(PSI) (PSII) (Purple-RC) 
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Fig. 4  The photosynthetic energy capture and storage process includes the initial energy 
transfer and later electron transfer processes. Nature has built a variety of light harvesting 
complexes in different species to harvest the photon energy and efficiently transfer the 
excitation energy to the reaction center where photochemistry happens. The extracted 
electrons at the RC then join the metabolic pathways to fix carbon and are involved in 
other cellular activities. The whole working principle is similar as that of the radio 
telescope. (Figure adapted from ref. 145, Fig. 7.10) 
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59); hydrogen bonding between the pigment and the protein (28, 60); distortion of the 
pigment macrocycle (61); the axial ligation to the central magnesium (29); electrostatic 
interaction with the protein backbone, etc (48, 62, 63). Such energetic tuning can shift the 
site energy by up to tens of nanometers. Besides the above static shift of the site energy, 
there is also a dynamic regulation of the site energy induced by the coupling of the 
electronic transition with the protein vibrations (64, 65).   
 
The fundamental theory of excitation energy transfer between molecular electronic 
transition dipoles is that of Förster resonance energy transfer (66). This mechanism 
applies when the excitonic coupling between two pigments is small compared to the 
difference of their site energies. Normally this requires that the two pigments are well 
separated in space. Excitation energy is basically localized on an individual pigment and 
non-radiatively transfers between them through incoherent hopping. Under this situation, 
the coupling energy between the two pigments 1 and 2 can be described using a point-
dipole approximation (44, 67, 68). 
V12 = 


 ⋅⋅
−
⋅
• 5
12
122121
3
12
21
0
))((3
4
1
R
RR
Rr
vvvvvv µµµµ
εpiε     (1)  
All the protein environment effects are taken into account by the dielectric constant rε .  
1µ
v
and 2µ
v
are the optical transition dipoles of pigments 1 and 2, and 12R
v
is the center to 
center spatial vector from 1 to 2.  
The energy transfer rate can be described by: 
k = ∫•
× − λλλλεκ dF
nR
k
D
f 4
46
12
25
)()()(
1079.8
    (2) 
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where fk  is the fluorescence decay rate of the energy donor; 
2
21
2 )coscos3(cos ββακ −=  is an orientation factor where α  is the angle between 
transition dipoles 1µ
v
 and 2µ
v
 and β s are the angles between 1µv  and 12R
v
,  2µ
v
 and 12R
v
; n 
is the refractive index; the rate k depends on the sixth-order distance between the donor 
and acceptor 612R ; ∫ λλλλε dFD
4)()(  is the spectral overlap of the donor emission spectrum 
and the acceptor absorption spectrum where )(λε  is the molar absorptivity of the acceptor 
on a wavelength scale and )(λDF  is the normalized emission spectrum of the donor. 
  
This mechanism is used to describe successfully the energy transfer process in the 
Peridinin-chlorophyll a-protein (PCP) complex found in dinoflagellates (69, 70), but 
often does not give satisfactory results in elucidating the observed energy transfer 
phenomena in other photosynthetic complexes (44, 52). The chlorophyll molecules in the 
PCP complex are separated by aproximately 18 nm (21, 70) falling into the range of 
Förster’s assumption, while the pigment molecules in most of the other known light- 
harvesting complexes are densely packed, and the excitonic coupling between them is 
strong. The excitation is instead delocalized on multiple pigments simultaneously and the 
overall excitation wave function can be viewed as coherent superpositions of the 
monomeric excited states. Nevertheless, the classical description of the Förster energy 
transfer is easy to understand and can provide a qualitative description of the light- 
harvesting process in the photosystems. The basic concept used to describe the 
electronic-vibrational coupling provides the foundation of advanced theories developed 
using quantum mechanics to describe the energy transfer mechanism under the strong 
coupling cases. 
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For the strong excitonic coupling but weak excition-vibrational coupling case, the wave 
function of the exciton states is viewed as the coherent superposition of localized excited 
states. The relaxation of the delocalized excitation states (under this condition, the 
traditional point-dipole approximation in the Förster mechanism is not valid owing to the 
short distance between the coupling pigments) can be described by several theories 
among which the Redfield relaxation theory is widely applied (65, 71, 72). According to 
Redfield relaxation theory, weak exciton-vibrational interaction is treated as a 
perturbation in contrast to the Förster mechanism where the weak excitonic coupling is 
treated as a perturbation (73). The rate of the exciton relaxation derived is dependent on 
the energy difference between the two exciton states, the overlap of the two exciton 
wavefunctions, the correlation of the protein vibrations (uncorrelated vibrations lead to 
fast exciton relaxation), and the ability of the vibrational environment to dissipate the 
excess energy during exciton relaxation (74-76).  
 
Versions of modified Redfield theory (65, 77-80) were also developed to treat the strong 
excitonic coupling and strong exciton-vibrational coupling systems in which the nuclear 
reorganization was also taken into account non-perturbatively. In the Redfield theory, the 
nuclear relaxation is assumed to be fast compared to the energy transfer between different 
exciton states and only a single phonon is considered in the exciton-nuclear interaction.  
This limitation breaks down in the modified Redfield equation where the nuclei relax into 
different equilibrium states in the strong exciton-vibrational coupling conditions (65, 73).  
 
In the photosynthetic light-harvesting process, an energy gradient is almost always 
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formed in the individual light harvesting complexes by different excitonic coupling or 
environment tuning of the site energis of different pigments, or by building different 
structures (30, 81). This energy gradient on one hand guides the energy flow to the 
reaction center. On the other hand, the excess energy generated must be dissipated into 
the environment. The uncontrollable environmental fluctuations are usually assumed to 
be desconstructive in the energy transfer process especially when the system is 
fundamentally quantum mechanical. However, it was recently found that the fluctuations 
can dynamically manipulate the site energies which can increase the overlap of different 
energy levels and may actually aid transport through a dissipative network by opening up 
additional energy transfer pathways. This noise-assisted transport has been proposed to 
enhance both the rate and yield of energy transfer, especially in the quantum coherence 
energy evolution that will be mentioned later (82-85).  
 
As discussed before, the Förster theory has proved successful to predict the energy 
transfer rate between two weakly coupled donor and acceptor molecules, but it can not be 
employed to describe the energy transfer in a confined geometry with multi-
chromophores in which the exciton relaxation theory should be considered. In the past 
decade, a generalized Förster energy transfer mechanism (86-91) has been developed to 
explore and quantify the energy transfer dynamics in large light-harvesting complexes in 
which not all the pigments are coupled strongly with each other, but rather they form 
certain domains (92-94). Within each domain, the pigments are tightly coupled and share 
the excitation. The interaction between different domains is weak. Redfield or modified 
Redfield theory can be used to describe the exciton relaxation within the domains. The 
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generalized Förster theory can be used to describe the energy transfer between the 
domains. Here each domain is viewed as a supermolecule with collective exciton states.   
 
It is exciting to see the great breakthroughs of understanding the energy transfer process 
in the individual light harvesting complexes (57). However, in large scale, it is still not 
well understood how the long range energy-transfer process in a native photosynthetic 
membrane is achieved so efficiently especially when the photon energy needs to migrate 
a long distance from the peripheral light-harvesting complex to the reaction center. On 
the microscopic scale, the detailed exciton-bath interaction, such as the tuning of the site 
energy by the protein environment, the effect of environmental fluctuation on the transfer 
efficiency, is still not clearly understood. 
 
Free (bacterio)chlorophylls in organic solvents and the isolated light harvesting 
complexes in most cases have an excited state lifetime of approximately several 
nanoseconds. The light energy captured by these protein complexes in the native 
membrane must migrate rapidly to be utilized for photosynthesis by non-radiative 
processes which normally occur in a few hundred picoseconds to sub-picoseconds to 
compete with the fluorescence and other decay processes. The developments of advanced 
laser and optical spectroscopy techniques in the past decades have made observing these 
ultrafast process possible (37). Techniques such as pump-probe (34-36), hole burning (95, 
96), single-molecule spectroscopy (97, 98), photon echo, etc, have been applied to or 
developed through studying the light harvesting complexes and have already generated 
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tremendous amounts of experimental results, which are used to support the development 
of theories.  
 
Recently, a new ultrafast nonlinear spectroscopy technique called two dimentional 
electronic spectroscopy (38, 39, 99-101) pioneered by the Fleming group has been used 
to probe energy transfer dynamics in several light harvesting complexes (102-105), like 
the FMO complex, a crucial part of the photosynthetic system of green sulfur bacteria. 
This new technique has the ability to record both the population and phase information. 
The excitonic coupling and dynamics can be directly viewed in the off-diagonal peaks. 
Experiments using this technique have demonstrated the existence of strong and long-
lived quantum coherences at liquid nitrogen temperature (103, 106) and also 
physiological temperature in several light harvesting complexes (107-109). Such long-
lived coherences were proposed to improve energy transfer efficiency in photosynthetic 
systems by allowing an excitation to follow a quantum random walk as it approaches the 
reaction center. These observations have generated considerable interest in understanding 
the possible role of quantum coherence effects in the remarkably efficient excitation 
energy transfer in FMO and other pigment binding protein complexes. 
 
Overall, photosynthetic species have developed a large variety of antenna complexes. On 
one hand, these light-harvesting complexes increase the spectral and spatial absorption 
cross section of the surrounding reaction center, and let the cells make full use of the 
solar radiation. On the other hand, the increase of the size and/or population of the 
antennas around the reaction center introduce the challenge of efficient excitation energy 
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transfer by increasing the distance, introducing possible complex transfer pathways and 
more uncontrollable dynamic fluctuations. Remarkably, nature seems to be able to 
circumvent the difficulty through billions of years of evolutionary pressure and reach a 
quantum efficiency of almost unity during the energy-transfer process. Not only will a 
deep understanding of the mechanism behind this natural process revolutionize our 
knowledge of the light-harvesting complexes, but also the techniques and theory 
developed by studying these wonderful model systems may also shine light on the other 
light-matter interactions, e.g., nano-materials and semi-conductors (110), on the 
applications of solar energy conversions (111), artificial photosynthesis, and quantum 
information (112, 113).   
 
The light absorbed is finally utilized to generate a charge separation at the reaction center 
from where electrons are extracted to join the metabolic pathways to fix carbon or be 
involved in other cellular processes. Compared to the ultrafast energy transfer in the light 
reactions, the rates of the subsequent dark reactions are slow, and this forms the 
bottleneck of the whole light-driven energy storage process. It is extremely dangerous 
when the cells generate too much reducing power by transferring too much photon 
energy to the reaction center, which can easily happen under full sunshine. In addition, 
the quantity and quality of the light in natural environments can vary over several orders 
of magnitude on a time scale of seconds to seasons. To avoid the deadly situations and 
adapt to the environmental fluctuations, cells have generated the ability to control 
dynamically the energy transfer process to prevent photodamage, although different 
groups of photosynthetic species sometimes use different regulation methods as described 
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below.  
 
Mechanism of energy-transfer regulation  
In plants, algae and cyanobacteria, photosystem I (PSI) and photosystem II (PSII) work 
together to split water and evolve oxygen. Electrons extracted from water by PSII are 
transferred to PSI, and their serial connection means that the rate of electron transport 
between the two photosystems must be similar. Thus, the light energy received by both 
photosystems should also be similar to achieve maximum efficiency (114). “State 
transitions” are a phenomenon generally adapted by oxygenic species to balance the 
energy input to PSI and PSII under low light conditions. 
 
State transitions are a short-term adaption mediated mainly by the reversible 
phosphorylation of the main light-harvesting complex protein (LHCII) in plants and 
green algae and its migration between photosystem I (PSI) and photosystem II (PSII), 
which is mainly controlled by the redox state of plastoquinone pool and cytochrome bf 
complex (115-117). When the illumination is favouring PSII, LHCII is phosphorylated, 
detached from PSII and migrates to PSI. The absorption cross section of PSI is thus 
increased. This is called State II. If PSI is preferentially excited, LHCII is 
dephosophorylated and migrates back to PSII to redistribute the excitation energy. This is 
called State I. Through state transitions, the system distributes the excitation such that the 
light-limited photosystem receives more energy. In cyanobacteria, a similar transition is 
achieved by the migration of phycobilisome between PSI and PSII to balance the 
distribution of excitation energy (118). 
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Under high light or saturated light conditions, plants and algae have evolved ways to get 
rid of excess energy that has already been absorbed. This is mainly achieved by a thermal 
dissipation process called non-photochemical quenching (NPQ) in PSII, measured as the 
quenching of chlorophyll fluorescence (119, 120). The regulatory mechanism of energy 
dependent NPQ is induced by a decrease of the pH of lumen of the thylakoid that is 
generated by over reducing the photosynthetic electron transport chain. The low pH of 
the lumen allows certain PSII proteins to be protonated and to activate a xanthophyll 
cycle (Fig. 5). A lumen-located violaxanthin de-epoxidase enzyme catalyzes the 
conversion of violaxanthin to zeaxanthin via the intermediate antheraxanthin at low pH 
(121). Violaxanthin has nine conjugated double bonds, while antheraxanthin and 
zeaxanthin have ten and eleven, respectively. The increased conjugation will lower the 
excitation energy level of the carotenoid and facilitate the de-excitation of chlorophyll 
either directly through triplet formation or indirectly through structural changes. In 
limiting light, a reversal of the cycle is mediated by the enzyme zeaxanthin epoxidase. In 
addition, mutants produced by deleting a component of PSII called PsbS protein 
confirmed that this protein is also an essential component for NPQ and is a sensor of the 
lumen pH (122, 123). While the understanding of the energy dependent NPQ has 
deepened in the past several years, the most fundamental question that the physical 
mechanism of chlorophyll deactivation is still not very clear. The identity of the 
quenching species, in terms of both pigment composition and location, and the means by 
which the quencher(s) dissipates the excess energy are still under debate (124-126). 
 
If excess energy is not quenched in a timely manner, reactive oxygen species are  
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Fig. 5  Xanthophyll cycles. Excess light induces the decrease of lumen pH which is 
sensed by the PsbS protein through protonation. The de-epoxidation reaction of 
violaxanthin through antheraxanthin to zeaxanthin is activated by the violaxanthin de-
epoxidase (VDE). Once the high light stress is released, a reverse cycle is catalyzed by 
zeaxanthin epoxidase (ZE).  
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produced and photodamage happens. Cells have evolved different mechanisms to repair 
the demaged protein. For example, the D1 protein from the PSII core turnovers very 
rapidly in a light-dependent manner (127). Damaged D1 is digested by proteases, and 
new D1 protein is synthesized to repair the PSII. During the repair process, there seems 
to be a migration of PSII between the grana and stromal lamellae (128). So far intense 
attention has been focused on understanding the recognition of damaged D1 protein by 
protease and the mechanism of the disassembly and assembly of PSII in the repair cycle 
(129). It is hypothesized that the rapid turnover of D1 protein prevents the damage of the 
entire PSII. 
 
Compared to oxygenic photosynthetic species, the regulation of energy transfer in the 
anoxygenic prokaryotes including green sulfur bacteria, filamentous anoxygenic 
phototrophs, purple bacteria, heliobacteria and the newly discovered photosynthetic 
acidobacteria, is not well studied.  
 
In green sulfur bacteria, a variety of lines of evidence suggest that a redox dependent 
regulation of energy transfer occurs in the chlorosome and FMO antenna protein (130). 
When the chlorosome is under oxidizing conditions, the fluorescence emission intensity 
will dramatically decrease owing to induction of quenchers. Such an effect was observed 
in the isolated chlorosome, native membrane and whole cells, and could be a possible 
method to protect the cell from transient exposure to oxidizing conditions by efficiently 
quenching the excitation (131). A redox species like chlorobiumquinone was proposed to 
be involved in the quenching (132). The photon energy harvested by the chlorosome is 
 Chapter 1 
 19 
transferred through FMO to the reaction center. A similar quenching phenomenon was 
also found in the FMO protein, but the molecular mechanism is still unclear (133). The 
newly discovered Candidatus Chloracidobacterium thermophilum, which belongs to the 
phylum Acidobacteria also exhibits a similar redox regulation at least in the FMO level as 
found in green sulfur bacteria (134). It was also observed that chlorosomes from green 
sulfur bacteria and filamentous anoxygenic bacteria modify the composition and 
morphology along the growth environment to regulate the energy transfer (135-137). 
Several species also synthesize different bacteriochlorophylls (c, d or e) to assemble the 
chlorosomes, which show different internal structures and optical properties.  Savikhin 
and co-workers (138) also proposed the formation of triplet excitons in chlorosomes 
owing to triplet-triplet interaction between the closely packed BChls and predict that the 
energy of these triplet excitons may fall below that of singlet oxygen and triplet 
carotenoids, thus preventing energy transfer from triplet BChl and serves as an alternative 
photoprotection mechanism. 
 
Cells of purple photosynthetic bacteria when exposed to elevated levels of oxygen will 
reduce the amount of synthesized LH complexes. Under low light condition, more 
antenna complexes are made, and a higher LH2:LH1 ratio is observed. Certain species 
will synthesize modified antenna complexes, changing the spectral properties according 
to the light intensity and quality (30). For example, the Rps. palustris genome contains at 
least four different gene pairs that encode putative LH2 αβ-apoproteins, and different 
genes are expressed depending on the growth conditions, which could even make some 
complexes having mixed apoprotein types within single complete rings and produce  
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different spectral types (139, 140). 
 
To prevent effectively the production of reactive oxygen species, a common strategy used 
by almost all the photosynthetic species is to synthesize carotenoids and embed them into 
the light harvesting and reaction center complexes (141). Multiple functions are 
performed by carotenoids in photosynthesis (4). They serve as accessory light harvesting 
pigments, extending the range of wavelengths over which light can drive photosynthesis, 
and they also build blocks of various light harvesting and RC complexes and help 
assemble and stabilize proteins (142, 143). One additional unique property is to protect 
the chlorophyllous pigments from the harmful photodestructive reaction, which occurs in 
the presence of oxygen. Carotenoids absorb the green and blue light (which is not 
covered by the chlorophyllous pigment absorption) for photosynthetic energy conversion 
by a singlet-singlet energy transfer to neighbouring (bacterio)chlorophylls. The protective 
role against photo-oxidation is achieved by a triplet-triplet energy transfer. Via the triplet 
state, carotenoids can quench the (bacterio)chlorophyll triplet states that may be formed 
from the singlet states by inter-system crossing. In this way, carotenoids will prevent the 
triplet (bacterio)chlorophylls reacting with the ground state triplet oxygen to form highly 
reactive singlet oxygen. In addition, carotenoids can directly quench the singlet oxygen 
via their triplet states owing to their lower energy level of triplet states (144). 
 
Statement of thesis 
To understand the molecular mechanism of photosynthesis, we used the photosystem 
from a group of prokaryotes called green sulfur bacteria (GSB) as a model system (Fig. 
6).  GSB has a large antenna complex called a chlorosome (17).  After photons are 
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captured by the chlorosome, the photon energy is transferred through two pigment-
binding proteins, the baseplate protein (18) and FMO protein (15), to the reaction center, 
where excitation energy is converted to chemical energy.  One of my interests is to 
understand the structure of individual pigment-binding protein complexes and hope to 
elucidate the architecture of the whole photosystem.  On top of that, we are interested in 
understanding the long-range energy transfer process, which is how the photons absorbed 
by the peripheral antenna can be efficiently transferred to the reaction center and also the 
relevant regulation of the energy transfer.   
 
The goal of my Ph.D thesis was: 1) to investigate the structural and functional 
relationship of the FMO protein, specifically the pigment/pigment interactions and 
pigment/protein interactions, and how these interactions facilitate the high energy transfer 
efficiency; 2) to study the FMO interaction network in vivo and build a detailed overall 
membrane architecture, specifically to show how the FMO protein interacts with the 
cytoplamic membrane and the chlorosomes, and 3) to determine the binding sites, 
stoichiometry and affinity of the FMO protein with the baseplate protein.  To achieve 
these goals, we employed multi-disciplinary approaches including biochemistry 
techniques, biophysical techniques and molecular biology. 
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Fig. 6  Schematic picture of photosystem from green sulfur bacteria. Energy collected by 
the big chlorosome antenna is funneled through the baseplate protein and FMO protein to 
the RC. 
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Structure of the FMO protein and the nature of the 8th pigment by 
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Abstract: 
As the first (bacterio)chlorophyll-containing light harvesting antenna that had its X-ray 
crystal structure determined, the FMO protein has drawn intense structural, spectroscopic 
and theoretical attention. Surprisingly, in the newly refined FMO structure from 
Prosthecochloris aestuarii, strain 2K (P. aestuarii) at 1.3 Å resolution, a new pigment 
was discovered at the FMO monomer connection region with occupancy of the electron 
density being 34%. The refined FMO structure from Chlorobaculum tepidum (C. tepidum) 
and the recently finished FMO structure from Pelodictyon phaeum (P. phaeum) all 
indicate the existence of this not fully occupied site. In this chapter, the structures of the 
FMO protein from C.tepidum, P. aestuarii and P. phaeum are briefly described with 
emphasis on the newly resolved 8th pigment. The stoichiometry and nature of the 8th 
pigment were investigated by measuring the mass of the whole protein complex using 
native electrospray mass spectrometry. 
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Introduction 
The anoxygenic photosynthetic green sulfur bacteria (GSB) are obligate photoautotrophs 
that contain a specialized light-harvesting antenna complex known as the chlorosome, 
which primarily consists of highly aggregated bacteriochlorophyll c/d/e surrounded by a 
lipid-protein envelope (1). After light energy is collected by the chlorosome, it is 
funneled down through the baseplate attachment site and the bacteriochlorophyll a 
protein, also known as the Fenna-Matthews-Olson (FMO) protein, into the reaction 
center (RC) where charge separation takes place (Fig. 1). 
 
The FMO protein was the first photosynthetic antenna complex containing any type of 
chlorophyll to have its atomic structure known. It was first discovered and isolated from 
Prosthecochloris aestuarii by Olson and coworkers (2), and the structure was determined 
to a resolution of 2.8 Å in 1975 (3). Subsequently, the structure was refined to 1.9 Å (4).  
 
The FMO protein consists of three identical subunits related by a 3-fold axis of symmetry 
(Fig. 2A). In each subunit the polypeptide backbone (~ 40 kDa) forms a fold that consists 
mainly of beta sheet secondary structure enclosing a central core of seven BChl a 
molecules (Fig. 2C, 2D). The BChl a molecules are electronically coupled to each other 
and also interact with the protein environment to give the FMO protein its specific 
absorption properties (Fig. 2B). The three-dimensional structure of the FMO protein from 
Chlorobaculum tepidum (previously called Chlorobium tepidum) was determined by 
Allen and co-workers in 1997, and this provides a comparative system (5). These high-
resolution structures have provided the basis for detailed analysis of the optical spectra of  
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Fig. 1  Schematic representation of the photosystem from green sulfur bacteria. The FMO 
protein is attached to the cytoplasmic membrane and transfers the excitation energy from 
the chlorosome to the reaction center. 
 
 
 
 
 
 Chapter 2 
 40 
 
  
            
 
Fig. 2  (A) FMO trimer structure from Chlorobaculum tepidum (PDB: 3ENI). Blue: 
βsheets; Green:αhelices; Red: BChl a; Pink: water; Dashed triangle: unresolved region 
of electron density.  (B) 77K absorption of the FMO protein from three species of green 
sulfur bacteria.  (C) FMO monomer with pigments shown by sticks and the polypeptide 
shown by ribbons.  (D) Bacteriochlorophyll a. 
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the protein and for understanding the pigment/protein interactions (1, 6). 
 
Although the FMO proteins from different species of GSB are quite highly conserved, 
with amino acid sequence identities typically on the order of 80%, it was observed that 
the absorbance and CD spectra for the FMO proteins from different species of GSB can 
be grouped into two types when measured at 77 K or lower (7). As can be seen in the 77 
K absorption spectra (Fig. 2B), the FMO from P. aestuarii and P. phaeum have higher 
813 nm peak, whereas the 805 nm band of FMO from C. tepidum is stronger. The overall 
structures of FMO from P. aestuarii and C. tepidum show almost no differences. If one 
superimposes the two, using just the central atoms of the seven BChl a rings as a guide, 
the two structures are nearly identical. Extensive theoretical calculations (8-12) were 
carried out to describe the origin of the tuning of the electronic structure in these two 
proteins.  
 
The FMO protein functions both as a photosynthetic antenna harvesting light energy and 
an energy mediator governing the energy transfer from chlorosome to the reaction centers. 
As a photosynthetic antenna, the energy delocalization process within this protein has 
been well described by the recent advances of multidimensional coherent spectroscopies 
(13, 14), and the electronic structure was recently reviewed by Milder et al (6). As an 
energy mediator, strong fluorescence quenching was reported in the FMO protein 
depending on either the redox conditions or thermal effects (15). The quantum yield of 
the FMO fluorescence increases dramatically after the protein is reduced by a strong 
reducing agent like sodium dithionite. The molecular mechanism of the fluorescence 
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quenching is still unknown, but the quenching itself is proposed to be an essential 
excitation modulation by the cells to prevent photo-damage under over-exposed light 
conditions. A redox-active group or molecule that either tightly binds to the FMO protein 
or is part of the protein is proposed to be sensitive to the local redox environment and 
regulate the amount of energy transferred to reaction centers by serving as an excited 
state quencher when in the oxidized state. However, a search for a non-covalently bound 
small molecule by HPLC analysis of the FMO protein was unsuccessful. No such 
molecules were detected by monitoring the UV/Vis absorption of the elution. The 
measured protein mass matches the protein sequence quite well and no apparent post-
translational modifications are indicated.  
 
It is known to crystallographers that there are unresolved electron densities in the FMO 
structure between the subunits (4), as indicated in Fig. 2A. In addition, Nelson et al (16) 
provided a preliminary structural model with a BChl a built at that region. To investigate 
better this binding site and understand the nature of the extra electron density, Tronrud 
and co-workers (17) grew new FMO crystals that were supplied by our group and 
determined an ultra-high resolution structure (1.3 Å) of the FMO protein from P. 
aestuarii. While the new model confirms that a BChl a molecule binds at the ‘‘eighth 
site’’ in both the P. aestuarii and C. tepidum variants of FMO, they show significantly 
different details of the binding interaction. In both variants, the carbonyl backbone 
oxygen of residue 123Y binds to the central magnesium atom on one side of the BChl a 
ring while an α-helix (residues 155–172) covers the other side (Fig. 3A, 3B). The new 
structure for P. aestuarii shows a unique, bidentate interaction between the protein and 
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this BChl a molecule. The additional link is between the central magnesium atom and the 
side chain oxygen atom of Serine 168 (Fig. 3A). The two links to this BChl a molecule 
originate from two different monomers within the biological trimer (Fig. 3D). However, 
the FMO from C. tepidum does not form this extra ligation, and the Mg is 
pentacoordinate, as is found in essentially all protein-bound chlorophyll-type pigments 
(Fig. 3B). The physiological function of two axial ligands of pigments is not clear. A 
recent mutagenesis study of the RC from purple bacteria that generated six ligands to the 
BB BChl a shows almost no effect on the electron transfer process (18). 
 
The discovery of the eighth pigment in the FMO protein was a surprise to the field. The 
two axial ligands to the central magnesium of BChl a is the first experimental evidence to 
show its existence in a natural antenna system. The structure that was reported by 
Tronrud et al. (17) indicates the electron density occupancy of this extra BChl a is only 
34% that of the other BChl a molecules in the complex. The immediate question that 
arises is the stoichiometry of the 8th pigment in the protein in vivo. For example, it is 
possible that each FMO trimer only has one 8th BChl a, which breaks the threefold 
symmetry and might have specific roles in directing the energy flow. It is, however, also 
possible that the 8th BChl a was partially lost during the purification process as it is 
bound between two subunits and is relatively exposed to solvent compared to the other 
seven BChl. A heterogeneous sample with three, two, one and zero of the 8th BChl a in a 
trimer might give the average of 34% occupancy by coincidence. 
 
In addition, the tail of the 8th BChl a could not be resolved in the 1.3 Å structure. It looks 
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Fig. 3  Nature of the axial ligation of the 8th pigment in FMO from P. aestuarii (PDB 
code: 3EOJ) (A) and C. tepidum (PDB code: 3ENI) (B). In the FMO from P. aestuarii, 
one axial-ligation is from the carbonyl O of Y123 and the other is from the side chain O 
of S168 (A). These two residues are from two protein subunits. In the FMO from C. tep, 
the carbonyl O of Y123 from one subunit forms one axial-ligation. The S168 is replaced 
by A168 which could not form the 2nd axial-ligation (B). The 8th pigment is located in a 
cleft on the protein surface at the monomer connection region (C). (D) The 8th pigment 
sandwiched by two protein subunits, which is clearly shown by highlighting the different 
protein subunits using different colors.  
Y123 
S168 
Y123 
A168 
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like a bacteriochlorophylide a (BChlide a), BChl a without the tail. However, this may be 
due to the flexibility of the tail in the crystal which is disordered and could not be well 
resolved.  
 
To understand the stoichiometry and nature of the 8th pigment in the FMO trimer, we 
employed a recently developed technique, native electrospray mass spectrometry (MS), 
to measure the mass of the whole protein complex. Mass spectrometry not only plays a 
crucial role in the identification of proteins involved in the intricate interaction networks 
of the cell, their expression levels and modifications (19-21), but also is increasingly 
involved in the characterization of the non-covalent complexes formed by interacting 
partners (22-27).  
 
In this study, the FMO protein from C. tepidum was prepared by two different methods. 
In one method, it was extracted by washing the membrane with Na2CO3 solution. The 
other method involves detergent extraction. The purified intact FMO protein complexes 
were introduced into a mass spectrometer under native condition as described in the 
method section. The molecular weight of the whole complex including noncovalently 
bound cofactors was recorded, and, thus  the stoichiometry of the interacting components 
was defined unambiguously to provide some insights into the nature and stoichiometry of 
the 8th pigment. 
 
Results and Discussion 
Nature and stoichiometry of the 8th pigment 
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The MS of the denatured FMO protein shows a series of charge states at low m/z range. 
For the FMO protein extracted by Na2CO3, all the charge states are located between 650 
Da and 1300 Da with the most abundant ion carrying 48 charges (Fig. 4A). Besides the 
dorminant charge-state distribution, there are two weaker distributions labeled with red 
and blue arrows. The deconvoluted FMO polypeptide mass from the main charge state is 
40163 ± 2 Da (Fig. 4B), which is the mass deduced from the protein sequence without 
the N-terminal methionine residue (theoretical mass: 40163 Da). The two weaker charge 
distributions gave deconvoluted protein mass of 39831 Da (red arrow) and 39979 Da 
(blue arrow), which are corresponding to the protein sequence without the N-terminal 
MALF (theoretical mass: 39831.9 Da) and MAL (theoretical mass: 39979 Da) residues. 
For the FMO protein extracted by detergent, the deconvoluted molecular weight is 39979 
Da, which is very homogeneous.   
 
Under native conditions, the protein shows only four or five main charge states (+21, +22, 
+23, +24, +25) at high m/z range, no matter how the protein was purified (Fig. 5). For the 
detergent extracted FMO protein, the deconvoluted molecular weight using the main 
charge states is 141161 Da, where a simulation of the theoretical charge distribution of a 
141161 Da protein is shown by vertical lines (Fig. 5A). The m/z = 6139 ion carries 23 
positive charges. Similarly, the deconvoluted molecular weight of the FMO protein 
extracted by Na2CO3 is 142009 Da (Fig. 5B). The +23 charge state shifts to m/z = 6176. 
Surprisingly, clear shoulders at the low m/z side of each charge state can be seen (Fig. 5). 
The shoulders in the spectrum of the FMO extracted from Na2CO3 are more apparent and 
more intense. A similar deconvolution process indicates the molecular weight of one  
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Fig. 4  (A) Mass spectrum of denatured FMO polypeptide by electrospray, which shows a 
series of charge states at low m/z range. Certain charge states are labeled. Besides the 
dorminant charge states, there are two weaker charge-state distributions labeled with red 
and blue arrows. (B) Deconvoluted protein mass using the charge states in panel A. 
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Fig. 5  Mass spectra of the FMO complex by native spray.  (A) The FMO protein was 
extracted by detergent.  (B) The FMO protein was extracted by Na2CO3. Vertical lines 
are the simulated charge-state positions using ions having molecular weight of 141161, 
142009 and 141323 Da. 
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shoulder ion is 141323 Da (Fig. 5C). The mass accuracy of the deconvoluted molecular 
weight is roughly estimated to be 50 – 100 Da on the basis of the full width at half 
maxima of the ion peaks. 
 
For the detergent-extracted FMO protein, the theoretical mass of the protein complex 
with 21 BChl a is 139,631 Da (40163 x 3 + 911.5 x 21). This will give a mass difference 
between the measured mass and the theoretical mass of 1530 Da (141161 – 139631 Da), 
which indicates more pigments binding in the protein, although there may be some 
solvent or buffer molecules attached to the protein, increasing the measured value. 
Similarly, the mass difference of the Na2CO3-extracted FMO protein between measured 
and theoretical values is 2378 Da.  
 
More striking evidence that additional pigments exist in a timer, as described in the 
recent crystal structures discussed in the introduction, comes from the clear shoulders on 
the lower m/z side of the peaks (Fig. 6A, 6B) that we interpret as complexes with fewer 
copies of the 8th pigment. Surprisingly, the mass difference is ~ 30 Da between the 
shoulder and the dominant ion peak, for example, for the + 23 charge state of the Na2CO3 
extracted FMO (Fig. 6B), which means the difference of molecular weight between the 
two ion species is ~ 30 x 23 = 690 Da. Analysis of all the charge states in the spectra of 
the two FMO complexes shows that the mass differences between the shoulder and the 
dorminant ion peaks are all in the range of 600 – 700 Da. This value is close to the 
molecular weight of BChlide a (632 Da).  
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Fig. 6  Expansion of the charge states from native spray MS of the FMO protein extracted 
by detergent (A) and Na2CO3 (B). Shoulders at the low m/z side of the main peak can be 
clearly visualized. The vertical lines indicate the correspondence of certain ion species. 
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Another observation is that the dorminant ion species in the detergent-extracted FMO is 
corresponding to the first shoulder ion on the low m/z side of the charge states of the 
Na2CO3-extracted FMO, as indicated by the vertical lines in Fig. 6. The first shoulder ion 
on the low m/z side of the charge states of the detergent-extracted FMO corresponds to 
the 2nd shoulder ions on the low m/z side of the charge states of the Na2CO3-extracted 
FMO. The dorminant ion species in the Na2CO3-extracted FMO is corresponding to the 
shoulder ion on the high m/z side of the charge states of the detergent-extracted FMO, the 
shoulder of which can be barely seen owing to the solvent adducts. Thus successful ion 
assignments of the observed ion peaks and shoulders are that the dorminant charge states 
in the spectrum of the Na2CO3-extracted FMO corresponds to FMO trimer with 21 BChl 
a plus additional 3 BChlide a. Under such assignment, the mass difference between the 
measured and theoretical values is 2378 – 632 x 3 = 482 Da. The two shoulders on the 
low m/z side of the charge states in the Na2CO3-extracted FMO correspond to FMO 
complex plus 2 and 1 extra BChlide a, respectively. Using the intensity of these ion 
species, the occupancy of the 8th site in the Na2CO3-extracted FMO trimer is estimated to 
be ~80%. The dorminant charge states in the spectrum of the detergent-extracted FMO 
corresponds to FMO trimer with 21 BChl a plus additional 2 BChlide a, and the mass 
difference between the measured and theoretical values is 1530 – 632 x 2 = 266 Da. The 
two shoulders on the low m/z side of the charge states in the detergent-extracted FMO 
correspond to FMO complex plus 1 and 0 extra BChlide a, respectively. The estimated 
occupancy of the 8th site in the detergent-extracted FMO trimer is ~65%. 
 
Therefore, the above MS analysis especially the clear shoulders in the charge states  
 Chapter 2 
 52 
 
 
 
Fig. 7  Pigment analysis by HPLC. (A) Extract from the bchG mutant of Rhodobacter 
capsulatus.  (B) Chromatogram of pigments from FMO protein. Peak 1 is BChlide a and 
peak 2 is BChl a.  
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suggests the 8th pigment is probably a BChlide a.  However, detailed HPLC analysis of 
the FMO protein indicates that there is no BChlide a in the protein, as shown in Fig. 7. 
The extract of the bchG mutant of Rhodobacter capsulatus, in which only BChilde a is 
accumulated, shows an elution peak at ~7 min, while the chromatogram of the FMO 
shows a single peak eluted at 22 min. Although the traces shown in Fig. 7 are at 770 nm, 
the whole UV/Vis was monitored and no additional peaks were observed. Different 
columns and different solvents were used to analyze the FMO protein but no indication of 
BChlide a or similar pigments exist.  
 
A possible explanation of the controversy of the native spray data (BChlide a as the 8th 
pigment) and the HPLC data (no BChlide a in FMO) is that the tail of the 8th pigment 
was cleaved off during the mass analysis under the native spray condition. To achieve a 
better desolvation of the native protein complexes, the in-source collsion induced 
dissociation (ISCID) was turned on and sometimes a collision energy up to 180 eV was 
used to keep the complex intact and to achieve better resolutions. In addition, the 
collision energy in the collsion cells was increased to 20 eV instead of the common 10 eV 
used in normal electrospray process. To check whether the harsh desolvation condition in 
the native spray caused the fragmentation of the BChl a, the FMO protein denatured by 
50% methonal was analyzed by mass spectrometry using similar parameters of the native 
spray. As shown in Fig. 8, besides the BChl a ion peak (m/z = 911.5), a strong BChlide a 
ion (m/z = 633.2) peak shows up, which is not normally seen under normal spray 
condition. The m/z = 611.3 and m/z = 889.6 ions are bacteriopheophytin a and 
pheophorbide a, respectively. 
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Fig. 8  The BChl a in the FMO protein has an average mass at 911.5 Da. Under MS 
measurement conditions, it also gave another mass at 889.6 Da, which is generated by 
replacing the central Mg with two hydrogens. The 633.2 Da ion is the fragment of the 
BChl a without the phytol tail (ie. BChlide a). The 611.3 Da ion is the BChlide a with its 
central Mg replaced by two hydrogens. 
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In conclusion, the results discussed above and the observations from the structures (17) 
suggest the 8th pigment in the FMO is a BChl a and the dominant fraction of trimers in 
the preparation have the 8th BChl a not fully occupied. The 8th BChl a is located in a cleft 
at the surface of the complex (Fig. 3C, 3D), while the others are completely protected 
from solvent. Our results clearly show that a fraction of the BChl a binding at the 8th site 
is lost during purification. The FMO extraction by Na2CO3 is more gentle compared to 
the detergent extraction, since the occupancy of the 8th BChl a is higher in the Na2CO3 
extracted FMO. 
 
Possible Function of the 8th pigment 
This pigment is separated from the other seven core BChl a and is located in a cleft in the 
protein surface (Fig. 3C). Linear dichroism studies (28) and chemical labeling and mass 
spectrometry data (29, and also chapter 4) have established the orientation of the FMO 
protein on the membrane. The side of the protein containing BChl a #3 is near the 
cytoplasmic membrane and the side containing BChl a #1 is toward the chlorosome. The 
newly discovered eighth pigment is in the region of the protein that is toward the 
chlorosome and its orientation may facilitate energy transfer from the chlorosome 
baseplate to the reaction center. The location of this pigment bridges the distance between 
the baseplate pigments and the core BChl a in the FMO, and will thus increase the 
energy-transfer efficiency. In addition, the orientation of this pigment serves to increase 
the efficiency of energy transfer between the donor baseplate BChl a and this new 
pigment. This is because the Qy transition dipole moment of the eighth pigment is 
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oriented in a similar way as the BChl a in the baseplate, as reported on the basis of 
fluorescence anisotropy of single chlorosomes (30). 
 
Structural mass spectrometry by native spray 
Recent developments in mass spectrometry (MS) makes it possible to analyze intact 
protein complexes, allowing the molecular weight of the complex to be recorded, thus 
unambiguously defining the stoichiometry of the interacting components (31-34). 
The FMO antenna protein, a water-soluble protein found in the photosynthetic green 
sulfur bacteria, is an ideal model system to understand protein interactions with non-
covalently bound cofactors and protein-protein interactions to form larger complexes. 
Here we used the FMO protein as a model system and successfully measured the mass of 
the whole complex, which directly tells us that it is a trimer. The stoichiometry and 
nature of the 8th pigment were also indicated, although some uncertainties remain. 
 
In general, to assign functions to protein complexes, a critical step before an atomic-
resolution structure is available is to determine the overall oligomeric state of these 
complexes, the number of copies of each type of subunits, the architecture, and topology 
of the complexes (35, 36). The current methods utilized (i.e. Blue-native PAGE (BN 
PAGE), gel filtration, analytical ultracentrifugation or dynamic light scattering (DLS)) 
are often not accurate enough to give conclusive results in terms of large multi-subunit 
complexes with a large number of distinct types of subunits. Mass measurement of intact 
protein complexes by native electrospray may allow us to determine unambiguously the 
stoichiometry of protein complexes. By coupling stripping off the peripheral protein 
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subunits by collision- or chemically-induced dissociations, the topology of the protein 
complexes could be built.  
 
Materials and Methods 
FMO protein purification  
Cells of the green sulfur bacterium P. aestuarii 2K and P. phaeum were grown 
anaerobically at room temperature with a light intensity of 150 µE for 2 days in two 15 L 
carboys. The C. tepidum culture was grown at 40 °C. The cells were harvested by 
centrifugation at 7,500 rpm for 15 min. After the cells were resuspended and washed with 
20 mM Tris/HCl (pH = 8.0) buffer, they were run through the centrifuge again. This 
pellet was resuspended and then broken by sonication. A 4.0 M Na2CO3 solution was 
slowly added until a 0.2 M final concentration was reached, and the solution was stirred 
gently for 20 h in the dark at 4 °C. Cell debris and unbroken cells were then removed by 
centrifuging at 10,000 xg for 15 min. More Na2CO3 solution was added until a final 
concentration of 0.4 M was reached. The solution was gently stirred in the dark for 20 h. 
The solution was ultracentrifuged for 2 hr. The supernatant containing the FMO protein 
was carefully decanted and dialyzed against 20 mM Tris/HCl (pH = 8.0) for a day. The 
solution was then loaded on a SuperQ-650S ion-exchange column and washed with NaCl 
step gradients. The FMO protein was eluted with around 80–100 mM NaCl elution 
solution. Further protein purification was achieved by loading the protein on an S-300 gel 
filtration column and the fractions with OD267nm/OD371nm< 0.6 were selected and pooled. 
The final product was concentrated using the Amicon YM30 and stored for 
crystallizations and mass spectrometry analysis. 
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The FMO protein was also prepared by membrane extraction using zwitterionic detergent 
SB-12 (Anatrace, USA). The cytoplasmic membrane was incubated with 50 mM SB-12 
for 1 hr. The extracted protein complexes were collected as supernatant after 
ultracentrifugation at 225,000 xg for 2 hr. The solution was loaded onto a linear sucrose 
gradient with densities from 10% (g/v) to 45% (g/v). The FMO band shows light blue 
color and was collected, concentrated and loaded onto Superdex200 (GE Healthcare, 
USA) gel filtration column. After this step, the detergent was removed and the FMO 
protein was enriched. Another round of ion exchange chromatograph is required to get 
the protein pure by using QSHP media (GE Healthcare, USA). 
 
Absorbance spectroscopy 
Each FMO protein was dissolved in 20 mM Tris/HCl buffer (pH = 8.0), diluted into 80% 
glycerol and was slowly cooled to 77 K in a temperature-controlled cryostat (OptistatDN, 
Oxford Instruments, UK). The spectra were taken by Lamda 950UV/Vis 
spectrophotometer (Perkin Elmer, USA). 
 
MS measurement 
Mass measurement of the denatured and native FMO protein was carried out on a maxis 
micrOTOF instrument equipped with a nanoelectrospray source (Bruker Daltonics, 
Bremen, Germany) coupled either to a PHD ULTRATM syringe pump (Harvard 
Apparatus, MA, USA), or to an nanoACQUITY UltraPerformance LC (Waters Corp., 
MA, USA). To measure the mass of the denatured FMO polypeptide and the 
bacteriochlorophyll a, the FMO protein was diluted into acetonitrile or methanol with 
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0.1% formic acid. For the native spray, the FMO complex was buffer exchanged to 0.75 
M ammonium acetate (pH = 7.5) and concentrated to ~ 15 µM. The solutions were loaded 
to the mass spectrometer by infusion. The nanoelectrospray was generated from a home-
pulled silica capillary needle at a voltage of 850 – 1500 V. The needle was pulled by the 
P-200 Laser Puller (Sutter Instrument CO., Novato, CA) using the fused silica capillary 
tubing (Polymicro Technologies LLC, Phoenix, AZ). The capillary tubing with ID 150 
µm (OD: 356.8 µm) works better under most conditions. The flow rate for all the 
measurements was between 20 nL/min to 0.1 µL/min. 
 
The ion transfer parameters were optimized by direct infusion of an ESI tuning mix 
(Bruker, part # 18220) before measuring the samples. For the denatured samples, the 
following spray conditions were normally used under positive ion mode: capillary 
voltage, 1500 V; dry gas, 5 L/min; dry gas temperature, 100 – 150 °C. In order to achieve 
better native spray signal, the capillary voltage was lowered to 850 – 1200 V once the 
spray was initiated by 1500 V and kept stable. The collision energy in the collision cell 
normally needs to be increased to 20 – 40 eV to observe good native spray signals. In 
certain instances, the in-source collision induced dissociation was turned on and energy 
up to 25 eV was used, which seemed to help solvent desorption. 
 
The Bruker Data analysis Software (Bruker, Germany) was used to analyze the data. The 
charge deconvolution for the native spray was manually calculated.  
 
Pigment analysis by HPLC 
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The purified FMO protein (10 uL, OD808 ~ 10 cm-1) was directly loaded onto to an XDB 
C18 reversed-phase column (4.6 by 250 mm; pore size: 100 Å; Agilent Technologies) by 
an Agilent series 1100C high-performance liquid chromatography (HPLC) system. 
Pigments were eluted by an methanol/water gradient that started with 60% methanol and 
increased to 100% methanol in 10 min and kept constant for another 20 min. The flow 
rate was 1 mL/min. The photodiode-array detector was set to detect 770, 670, 500 and 
280 nm. Pigments eluted by HPLC were collected for further mass analysis.   
 
Bacteriochlorophyllide a was used as a standard, extracted from the BChG mutant of 
Rhodobacter capsulatus (37), in which bacteriochlorophyllide a was accumulated. 
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Pigment mutants of the FMO antenna protein from green 
photosynthetic bacteria* 
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 Chapter 3 
 65 
Abstract 
The Fenna-Matthews-Olson (FMO) light harvesting antenna protein has been a model 
system to understand pigment/protein interactions in the energy transfer process in 
photosynthesis. All previous studies utilized wild type FMOs from several species. Here 
we report the purification and characterization of the first FMO mutant generated by 
replacing the phytyl group at the C-17 propionate residue of bacteriochlorophyll a (BChl 
a) to geranylgeranyl, which possesses three more double bonds. The FMO protein still 
assembles with the modified pigment, but both the whole cell absorption and the 
biochemical purification indicate that the mutant cells contain much less mature FMO 
protein. The gene expression was checked using quantitative real time PCR, and all the 
genes coded for BChl a binding proteins are not strongly regulated. The smaller amount 
of the FMO protein in the mutant cell is probably due to the degradation of the apo-FMO 
protein at different stages after it cannot bind the normal pigment. The absorption, 
fluorescence and CD spectra of the purified FMO mutant protein are similar to the wild 
type FMO protein except the conformations of most pigments are more heterogeneous, 
which broadens the spectral bands. Interestingly, the lowest energy pigment binding site 
seems to be unchanged and is the only peak that can be well resolved in 77 K absorption. 
The excited state lifetime of the mutant FMO protein is unchanged from wild type and 
shows a similar temperature dependent modulation as does the wild type. The mutant 
FMO protein is less thermally stable than the wild type. The assembly of the FMO 
protein and also the implications of the decreased FMO/chlorosome stoichiometry are 
discussed in terms of the topology of these two antennas on the cytoplasmic membrane. 
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Introduction 
In the photosynthetic green sulfur bacteria, light absorbed by the large peripheral antenna 
complex called the chlorosome (1-4) is transferred through the baseplate protein (5-7) 
and the Fenna-Matthews-Olson (FMO) protein (8) to the reaction center (RC) where 
charge separation occurs (9). The FMO protein forms a bridge to connect the chlorosome 
to the cytoplasmic membrane structurally and functionally to direct the excitation energy 
collected from the chlorosome to the RC (10, 11). Ever since the FMO protein was first 
discovered in the early 1960s (12) and its atomic resolution structure was solved in the 
1970s (13), the analysis of this protein has been a major source of our understanding of 
how pigments bind to photosynthetic proteins and the nature of pigment-pigment 
interactions.  
 
The FMO protein is a water-soluble protein that is remarkably stable. This makes it a 
very attractive system for structural and functional studies. The X-ray structures of the 
FMO protein were determined from two species of green sulfur bacteria Prosthecochloris 
aestuarii (P. aestuarii) and Chlorobaculum tepidum (C. tepidum) (14-18), and a third 
structure of FMO from Pelodictyon phaeum in which bacteriochlorophyll e is the 
dominant chlorosomal pigment has recently been completed in collaboration with Allen 
and co-workers (unpublished data). The FMO protein forms a compact trimer with three-
fold symmetry (Fig. 1A). A large portion of the protein scaffold is beta sheet secondary 
structure, which forms a “taco shell” to create a highly hydrophobic cavity to hold seven 
bacteriochlorophyll a (BChl a) molecules in each monomer. Three monomers join 
together by both electrostatic and hydrophobic interactions to form a stable structure (16).  
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Fig. 1  (A) Structure of FMO protein from C. tepidum (PDB code: 3ENI). (B) 
Bacteriochlorophyll a (BChl a) with phytyl (P) and geranylgeranyl (GG) tails. 
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The seven BChl a molecules hold very specific conformations inside the protein with 
their bacteriochlorin rings forming hydrogen bonds and axial ligation with the 
surrounding protein and water. The tails of the BChl a also have unique orientations and 
may play important structural roles, which have not been elucidated. Recently, the 
structure of FMO from P. aestuarii was solved at 1.3 Å resolution, under which almost 
every individual non-hydrogen atom could be resolved (15). Surprisingly, an 8th BChl a 
was discovered in the monomer connection region, although it had long been known to 
crystallographers who determined the structures that there was unresolved electron 
density between the subunits (14). A preliminary report from Nelson and co-workers 
suggested that another pigment was in this position (17). A comparison of the binding 
region in the refined FMO structures from C. tepidum and P. aestuarii allowed Tronrud 
et al. (15) to recognize a specific binding motif and possible structural change for binding 
the 8th pigment in the two species. Site-directed mutations of the FMO protein will help 
to understand these issues, although such mutants have not yet been produced. 
 
The FMO protein is quite highly conserved, with amino acid sequence identities among 
the various green sulfur bacteria typically on the order of 80%. It has been used as a 
marker gene to classify green sulfur bacteria (19, 20). The known structures are also very 
similar, but the optical properties, such as 77 K absorption, linear and circular dichroism, 
show some differences, the reasons for which are not well understood.  
 
Recently, a sixth phylum of phototrophic bacteria has been discovered in hot springs in 
Yellowstone National Park (21). Remarkably, this organism, Candidatus 
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Chloracidobacterium thermophilum, which is a member of the acidobacteria, also 
contains a clear homolog of the FMO protein. However, this FMO protein is significantly 
diverged from the ones found in the green sulfur bacteria, and has only about 50% 
identity with the green sulfur FMOs (22). This FMO variant also has somewhat different 
spectral features (22), which provide an attractive system for comparative studies.  
 
Due to the relatively small number of pigments coupled in the protein and especially the 
ability to resolve partially the exciton peaks at low temperature, the FMO protein has 
been an interesting system for both theoretical and spectroscopic studies to understand 
the dynamics of the energy transfer process (23-26). The prediction of the site energies of 
individual pigments has been developed from the initial simple fitting of the experimental 
spectra (27, 28) to direct quantum calculations based on the detailed structures (11, 29). 
General optical features, such as steady-state spectra and dynamic energy transfer, have 
been explained and functions of specific amino acids have been predicted (29), although 
these have not been experimentally verified. All these achievements have on one hand 
deepened our understanding of light harvesting process, while, on the other hand, raised 
interesting questions and provided targets for mutagenesis studies.  
 
Recently, the FMO protein was used as a model system in the development of the two 
dimensional electronic spectroscopy pioneered in the Fleming group (30-32). The 
pathway of energy flow within the molecule was determined by observing off-diagonal 
peaks in the 2D spectrum, which directly reveals the strength of the excitonic coupling of 
the pigments (30). Later, a long-lived quantum coherence in the FMO protein was 
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observed (33-35) and also in another light harvesting antenna called PC645 (36). These 
findings have generated intense interest in many areas of science including discussions of 
possible relevance to quantum computing (37-40).  An interesting question is how nature 
manipulates the specific pigment-protein architecture to preserve such long-lived 
coherence and how we might be able to control it. The ability to produce specific FMO 
mutants will shine light on these issues.  
 
The genome of C. tepidum was sequenced (41) and analyzed in detail (42). The genetic 
system in C. tepidum first developed by Wahland and Madigan (43) was developed 
significantly by Bryant and co-workers (2, 42, 44). However, the desirable FMO mutants 
have never been generated, probably because fmo is an essential gene for photosynthesis 
and the green sulfur bacteria are obligate photoautotrophs. Here we report the first FMO 
mutant, which was generated by replacing the phytyl at the C-17 propionate residue of 
the BChl a (BChl aP) by geranylgeranyl (BChl aGG) (Fig. 1B) by deleting the 
geranylgeranyl reductase (bchP) gene (45, 46). Properties of this mutant FMO are the 
subject of this chapter. 
 
Results 
1. Cell absorption and biochemical purification indicate less FMO protein is 
present in the mutant cells.   
Conversion of the phytyl tail of the BChl a (also the primary electron acceptor 
chlorophyll a in the RC) to geranylgeraniol did not induce a lethal defect in the cell 
growth. The mutant cells grew well and could reach a similar cell density as the wild type  
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Fig. 2  (A) Absorption of broken whole cells. Wild type cells show a shoulder at the 810 
nm region which is the Qy peak of the FMO protein.  There is almost no shoulder in the 
BchP cells. (B) Second derivative of the broken whole cell absorption shows the absence 
of the 810 nm shoulder in the BchP cells. 
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as reported by Harada et al (45). Fig 2A shows the absorption of the broken whole cells 
of wild type and BchP mutant after normalization at the chlorosome Qy peak at 743 nm. 
Compared to the wild type cells, the BchP cells have a higher carotenoid peak in the 400-
500 nm region which overlaps with the Soret band of chlorosomes. The FMO shoulder at 
approximately 810 nm is almost invisible in the mutant cells. The difference is also 
clearly shown in the corresponding 2nd derivative of the absorption of the broken whole 
cells. It is clear that if there is any intact FMO in the BchP cells, the amount is small 
compared to the wild type, although there is another possibility that the FMO in the BchP 
mutant cells has a very different Qy absorbance spectrum from the wild type; that is, it 
may be blue shifted and hidden by the dominant chlorosome peak, which is shown below 
not to be the case. 
 
Na2CO3 treatment of the BchP mutant membrane following the same procedure as 
purifying the wild type FMO indicates there are FMO in the BchP cells (as characterized 
below). The same amounts of C. tep wild and mutant membranes (normalized on the 
chlorosome peaks) were treated with Na2CO3. The supernatants collected after 
ultracentrifugation from the mutant membrane solution showed FMO-like absorption at 
806 nm with an OD = 0.3, while the supernatant of the wild type cells has an OD = 1.6. 
Only around 1/5 of the FMO protein could be extracted from the BchP mutant 
membranes compared to the wild type membranes. The FMO protein (FMO_BchP) in the 
supernatant from the mutant membrane solution was purified until it shows one band on 
the SDS-PAGE and was characterized as shown below.  
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2. Pigment analysis of the FMO_BchP 
We first checked whether the FMO_BchP incorporated BChl aGG or BChl aP as the 
binding pigments. The HPLC analysis of pigments from the purified FMO_BchP protein 
and also the wild type FMO protein is shown in Fig. 3. Under the elution conditions 
described in the Methods section, the pigment from the wild type FMO (BChl aP) elutes 
at 11 min while that from the BchP mutant elutes at 7 min, showing the same absorption 
as BChl aP (Inset of Fig. 3A). Although other detection wavelengths were also monitored, 
no other elution peaks were observed. Earlier HPLC studies (45, 48, 49) indicated that 
BChl aGG is less hydrophobic than BChl aP owing to more double bonds in the tail. 
Clearly the FMO_BchP contains a type of BChl a different from BChl aP, and it is 
anticipated that the component that elutes at 7 min is BChl aGG. Further identification of 
the pigment was achieved by mass spectrometry using MALDI-TOF.  
 
The BChl aP collected from the wild type FMO protein shows four main peaks in the 
MALDI-TOF mass spectrum: MW 910.8, 888.9, 632.4 and 610.5 (Fig. 3B). The m/z 
910.8 ion is the monoisotopic peak of BChl aP ([C55H74MgN4O6]+), while the m/z 888.9 
ion is the BChl aP with its central Mg replaced by two hydrogen atoms 
(bacteriopheophytin a, BPhe aP, [C55H76N4O6]+). After they lost the phytyl tails, BChl aP 
and BPhe aP ions gave the m/z 632.4 (bacteriochlorophyllide a, [C35H36MgN4O6]+) and 
610.5 (bacteriopheophorbide a, [C35H38N4O6]+) ions, respectively. This fragmentation 
was proved, as also shown in Fig. 4, by MS/MS analysis of the m/z 911.8 and 888.9 
precursor ions. The pigment collected from the FMO_BchP shows a similar mass pattern 
with four main peaks at MW 904.8, 882.8, 632.4 and 610.4 (Fig. 3C). The 904.8 and  
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Fig. 3  (A) HPLC analysis shows the different elution times of pigments in the wild and 
BchP FMO. Both pigments have a typical BChl a absorption as shown in the inset. 
MALDI-TOF mass spectral analysis of the pigments from FMO_wild and FMO_BchP 
are shown in (B) and (C), respectively. 
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Fig. 4  Product-ion spectra of precursor ions m/z 911.9 from the wild type FMO (A) and 
m/z 905.9 from the FMO mutant (B). This confirms that  the 6 Da mass shift in the 
pigment from FMO mutant is coming from the tail, because the macrocycle of the 
bacteriochlorophyll ring (632.5 Da) is the same as that from the BChl aP in the wild type 
FMO (A). 
 
 
 
 
 
 
 
A 
B 
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882.8 peaks are 6 Da less than the mass of BChl aP and BPhe aP, respectively, and they 
match the predicted mass of the BChl aGG and BPhe aGG very well (49). The 6 Da mass 
shift arises from the change of the tail since the 632.4 and 610.4 peaks of the macrocycle 
were also found in BChl aP (Figs. 3B, 3C and Fig. 4). The results show that three more 
double bonds are in the tail of the pigment from FMO_BchP. Thus, we concluded that the 
FMO purified from the BchP cells assembled with BChl aGG. 
 
3. Steady-state optical spectra of FMO_BchP 
Room temperature UV/Vis absorption spectra of the FMO_BchP were measured and 
compared with the wild type as shown in Fig. 4. After the FMO_wild and FMO_BchP 
absorption spectra were normalized at the Soret band, we found that the intensities of the 
Qx and Qy peaks of the FMO_BchP are weaker than those of the wild type (Fig. 5A). In 
addition, the wild type FMO shows more structure in the Qy region as indicated by the 
2nd derivative of the absorption spectra (Fig. 5B). Three peaks were resolved at 825.7, 
813.5 and 805 nm. FMO_BchP clearly resolve the lowest energy peak at 825.7 nm and a 
peak at 810 nm with a shoulder on the high energy side. Interestingly, the Qx peak of the 
FMO_BchP shows more spectral features than that of the wild type, and two clear peaks 
at 594 and 608 nm were resolved. The wild type FMO only shows a single peak at 603 
nm.  
 
If the absorption spectra are normalized at the Qy peak (Fig. 5C), it is clear that the full 
width at half maxima (FWHM) of both Qy and Qx of the FMO_BchP are larger than 
those of the FMO_wild. The FWHM of Qy and Qx of the wild type FMO are 28.3 and 
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Fig. 5  (A) RT absorption of FMO_BchP and FMO_wild type normalized at the Soret 
bands. Peak positions and bandwidths are shown in the inset. (B) Second derivative of the 
absorption spectra of FMO_BchP and FMO_wild. (C) Qy and Qx regions of the 
absorptions of FMO_BchP and FMO_wild normalized at the Qy peak (inset). 
FMO_BchP has blue shifted and also broadened Qy and Qx peaks. (D) 77 K absorption 
of FMO_BchP and FMO_wild. The Qy region is zoomed in and shown in the inset.  
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30.0 nm, respectively, whereas they are 31.4 and 34.8 nm for the FMO_BchP, 
respectively. The broader spectrum of FMO_BchP may indicate more heterogeneous 
pigment conformations in the FMO_BchP, which broadens the peaks inhomogeneously. 
Moreover, the Qy and Qx peaks of the FMO_BchP are also blue shifted around 1-2 nm 
compared to the wild FMO. A similar spectral shift effect was also reported in the BchP 
mutant of RC (50), LH1 (48) and LH2 (51) complexes in purple bacteria. 
 
At 77 K (Fig. 5D), the wild FMO protein showed three distinct peaks at 825, 814 and 804 
nm. In contrast, the FMO_BchP showed a broad peak at 806 nm with shoulders on both 
the high and low energy sides. Only the lowest energy peak at 826 nm could be well 
resolved, which suggests that the conformation of the corresponding pigment(s) is/are not 
affected much by changing the tail. However, the peak of the lowest energy band of 
FMO_BchP is shifted 1 nm to the red (Fig. 5D inset), indicating a slightly lower energy 
level compared to the wild type FMO. It is also noted that the Qx peak of FMO_BchP is 
also much broader than that of the wild type. The 77 K absorption spectrum further 
confirms a more heterogeneous conformational distribution of all the other pigments, 
which gave inhomogeneous peak broadening and, thus, could not be resolved at 77 K.  
 
At room temperature, the FMO_BchP shows a broader fluorescence peak centered at 822 
nm with FWHM of 34.0 nm, whereas the wild type FMO shows an emission peak at 825 
nm with FWHM of 31.9 nm (Fig. 6A). The broader emission peak from FMO_BchP 
further implicates the more heterogeneous pigment conformations in the mutant. 
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Fig. 6  RT (A) and 77 K (B) fluorescence spectra of FMO_BchP and FMO_wild 
(excitation at 370 nm). 
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In contrast, the emission peak widths of FMO_BchP and FMO_wild at 77 K are quite 
similar with FWHMs of 13.6 nm and 13.2 nm, respectively (Fig. 6B), which is consistent 
with the conclusion from 77 K absorption that the conformation of the lowest energy 
pigment(s) is/are more similar. However, the emission peak of the FMO_BchP is slightly 
red-shifted (1.6 nm) compared to the wild type which indicates a slightly lower energy 
level of FMO_BchP that was previously suggested in the 77 K absorption. Comparing the 
10.2 nm fluorescence peak shift of FMO_BchP from RT to 77 K (822 nm -> 832.8 nm) 
with the 6.2 nm peak shift of FMO_wild (825 nm -> 831.2 nm), we suggest there is 
probably a stronger thermal equilibrium between the exciton states of different pigments 
in the mutant at room temperature. This thermal equilibrium causes the blue-shifted 
emission peak of FMO_BchP at RT due to backward energy transfer, but the equilibrium 
was interrupted at 77 K and all the high energy excitonic states transfer energy to the 
lowest excitonic state and this process was irreversible at 77 K causing the emission only 
from the lowest excitonic state. 
 
FMO_BchP shows a similar CD spectrum as the wild type except a slightly weaker CD 
signal in the Qy region (Fig. 7), suggesting a weaker excitonic coupling strength 
compared with the wild type. 
 
Overall, the FMO_BchP has quite similar steady-state optical properties as the wild type 
FMO except more heterogeneous pigment conformations, which may affect the energy 
transfer as suggested from the RT and 77 K fluorescence. Interestingly, the lowest 
excitonic state seems not to be changed significantly. The absence of the 810 nm  
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Fig. 7  CD spectral comparison, normalized at the Soret band absorption.   
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shoulder in the whole cell absorption clearly indicates that there is a smaller number of 
FMO complexes in the mutant, which is consistent with the biochemical purification that 
BchP cells have much less FMO that can be extracted. 
 
4. Fluorescence dynamics 
The fluorescence decay kinetics of the FMO_BchP was probed by excitation in the Soret 
band using time-correlated single photon counting. In Fig. 8, the measured fluorescence 
decay curves at RT and 77 K and the fitted decay curves, together with the corresponding 
instrument response function (IRF) are shown. It is clear that the fluorescence decay of 
FMO_BchP at RT (824 nm) is significantly faster than the decay at 77 K. The former can 
be fitted very well with three exponentials having lifetimes of 2.3 ns (40%), 0.75 ns (17%) 
and 0.094 ns (43%). The 77 K fluorescence decay (832 nm) can be best described by a 
biexponential decay with time constants of 2.5 ns (45%) and 0.78 ns (55%). The lifetime 
of wild type FMO was measured under the same condition and gave virtually the same 
results (Fig. 9) in agreement with previous reports (52). It has long been known that the 
lifetime of FMO depends on the redox condition of the solution (53) and also the 
temperature (54); however, the molecular mechanism of this excited state modulation is 
still unclear. Here a similar temperature-regulated fluorescence lifetime in the 
FMO_BchP was shown. The fast decay component 0.094 ns of FMO_BchP at RT was 
not observed at 77 K, and the relative contribution of the slow components increased. 
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Fig. 8  RT and 77 K lifetime of FMO_BchP. Three exponential decays can fit the RT 
fluorescence kinetics very well. The dominant lifetime components are 94 ps and 2.3 ns, 
which account for 43% and 40% of the amplitude, respectively. Two exponential decays 
can give a reasonable fit of the 77 K fluorescence decay. The lifetime increases to 2.5 ns 
and 0.78 ns, which account for 45% and 55% of the amplitude. The lower panel shows 
the residues between the fitting and the experimental data. 
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Fig. 9  FMO_BchP and FMO_wild have the same decay kinetics. 
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 5. Thermal stability of FMO_BchP 
The C. tepidum BchP mutant can still grow photosynthetically, although the growth rate 
decreased at a higher temperature (45). It is possible that the geranylgeranyl tail caused 
the BChl a binding proteins to be unstable under high temperatures. Therefore, the 
thermal stability of the FMO_BchP was studied in comparison with the wild type FMO 
protein by monitoring the amplitude of the Qy peak. The thermally-induced FMO 
unfolding process was irreversible, so the change of free energy could not be quantified. 
However, it is still clear that the FMO_BchP is less thermally stable and has a sharp 
downturn at 67 °C (Fig. 10). The wild type FMO, instead, has a downturn point at around 
73 °C (Fig. 10). Below 60 °C, the Qy band of wild type FMO is more sensitive to 
temperature as it has a larger slope compared to the FMO_BchP. The pigments
 
start to 
degrade, and the protein forms aggregates above 80 °C, causing the continuous decrease 
of the absorption in the Qy region. 
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Fig.  10  Thermal stability of FMO_BchP and FMO_wild monitored at the Qy absorption 
peaks from 5 °C to 90 °C with a temperature step size of 5 °C. The solution was 
equilibrated for 5 min at each temperature point. 
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6. Gene expression profiles 
To elucidate further the amount of FMO in the BchP mutant cells and understand its 
regulation, upstream genes were followed on FMO and all the other BChl a binding or 
related proteins (CsmA, CsmD, PscA) by qRT-PCR analysis of the mRNA level. 
Normalized ∆CT data using 16S rRNA as the house-keeping gene from C. tep wild cells 
were compared to data from C. tep BchP cells, in which ∆∆CT = ∆CTCtep_BchP − 
∆CTCtep_wild. If a certain gene is down-regulated in the mutant cells, the mRNA level of 
this gene will be low. In the qRT-PCR, it will need more amplification cycles for this 
gene to reach the threshold, thus giving a bigger ∆CT and a positive ∆∆CT when 
compared with those of the wild type. As shown in Table 1, the ∆∆CT of all the genes are 
approximately zero except the pscA gene which shows a slightly negative value. It seems 
the mRNA levels of all the proteins were not significantly changed except for a small up-
regulation of the pscA gene in the BchP mutant. The smaller amount of FMO holo-
protein in the BchP mutant might be a result of less efficient assembly with the wrong 
pigment so that the translated FMO apo-protein is degraded quickly by the cell. Actually, 
the ratio of FMO apo-protein in the wild type and BchP mutant cells depending on the 
cell growth phase and the duration of protein processing could range from ~ 2 to ~ 6 as  
seen by the western blot using anti-FMO antibody.  
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Table 1. ∆Ct and ∆∆Ct of selected genes in qRT-PCR  
Gene ∆Ct (wild) ∆Ct (BchP) ∆∆Ct 
16S rRNA 0 0 0 
csmA 6.4 ± 0.3 6.4 ± 0.3 0 ± 0.3 
csmD 8.0 ± 0.2 7.9 ± 0.4 -0.1 ± 0.4 
pscA 8.6 ± 0.5 7.3 ± 0.3 -1.3 ± 0.5 
fmo 7.2 ± 0.2 6.3 ± 0.3 -0.9 ± 0.3 
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Discussion 
1. FMO assembly 
The replacement of phytyl tail in the BChl a by geranylgeranyl (Fig. 1B) should add more 
rigidness owing to the torsional restrictions from the double bonds. However, the change 
from phytyl to geranylgeranyl does not introduce a lethal defect on the cell growth. In C. 
tep, BChl a is distributed in the CsmA protein, FMO protein and the RC. In the crystal 
structure of the FMO protein (PDB codes: 1M50, 3ENI), the tails of BChl a are tightly 
packed and have well-defined conformations (Figs. 1A and 11). The torsion angles at one 
double and three single bond positions in the BChl aP were measured and are listed in 
Table 2. Although there are some variations in the conformation of tails in the two 
structures of the same FMO protein (PDB codes: 1M50, 3ENI), the tail of BChl aP #4 
seems to be less affected by changing from phytyl to geranylgeranyl in both structures. 
All the other BChls aP seem to have to adopt new conformations to release the torsion 
restriction. In any case, only torsion angles at regions II and III of certain BChl aP will be 
affected more in the BchP mutant since region IV is at the end of the tail which should 
have more flexibility to adopt the double bond.  
 
Both the whole cell absorption spectra and the biochemical extraction of the FMO protein 
all indicated fewer FMO protein complexes in the BchP mutant. The upstream fmo gene 
expression level seems to be not changed, as checked by qRT-PCR. Thus, the smaller 
amount of native FMO in the mutant probably results from the failure of assembling 
native FMO complexes owing to the mismatched pigment composition. The lack of 
atomic resolution structures for the CsmA and RC makes it difficult to evaluate the BChl  
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Fig. 11  Conformation of the BChl ap in an FMO monomer with each pigment 
highlighted in different colors and numbered, the 8th pigment was omitted since the tail 
is invisible in the structure.  
 
 
 
 
 
 
 Chapter 3 
 91 
Table 2. Torsion angels of the tails in the FMO structures from C. tepidum (PDB code: 
1M50 and 3ENI)* and P. aestuarii (PDB code: 3EOJ) 
 
2-1) FMO from C. tepidum (PDB code: 1M50) 
Torsion angles Pigments 
I II III IV 
BChl aP 1 179.7 177.3 132.8 179.3 
BChl aP 2 179.8 179.8 153.7 178.4 
BChl aP 3 177.8 178.1 136.6 179.5 
BChl aP 4 178.7 178.3 169.1 178.6 
BChl aP 5 179.0 177.4 163.1 179.5 
BChl aP 6 178.9 178.6 146.7 178.9 
BChl aP 7 177.0 177.5 163.9 178.5 
 
In FMO structure 1M50, the torsion angles of BChl aP at regions I, II and IV (refer to text 
Fig. 1B) are very close to 180°, thus BChl aP to BChl aGG will probably not have effects 
at these regions. The mutation of the tail from phytyl to geranylgeranyl will affect region 
III of pigments # 1, 2, 3 and 6 more than others.  
 
2-2) FMO from C. tepidum (PDB code: 3ENI) 
Torsion angles Pigments 
I II III IV 
BChl aP 1 179.6 176.9 114.2 156.8 
BChl aP 2 178.5 136.8 108.9 156.3 
BChl aP 3 178.1 122.9/98.2 178.3/101.4 168.5 
BChl aP 4 178.6 165.1 179.2 166.8 
BChl aP 5 177.8 126.8 177.9 170.8 
BChl aP 6 178.7 106.6 170.1 172.5 
BChl aP 7 179.1 99.4 132.9/129.7 164.4 
 
In FMO structure 3ENI, the torsion angles of BChl aP at regions I and IV are very close 
to 180° of which region I is originally a double bond. The change of BChl aP to BChl aGG 
will mainly have effects at regions II and III. BChl aP 4 seems to be less affected at these 
regions compared to others. The tails of certain pigment show two conformations in this 
refined structure. The torsion angles in both conformations are listed. 
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* note: There are some variations in the conformation of tails in the two structures of the 
same FMO protein, which is probably coming from different structure refinement 
methods the authors adopted. 
 
 
2-3) FMO from P. aestuarii (PDB code: 3EOJ) 
Torsion angles Pigments 
 I II III IV 
BChl aP 1 179.6 174.5 112.7 153/154 
BChl aP 2 173.2 175.9 176 177.3 
BChl aP 3 176 140/114.9 109.3/168.1 172.3/160.3 
BChl aP 4 179.3 159 176.2 175.3 
BChl aP 5 179.2 120.4 159.2 173.6 
BChl aP 6 179 107 171.7 144.1 
BChl aP 7 179 168 109.6/108 164.7/161.5 
 
The torsion angles of BChl aP at regions I to IV in the FMO structure (PDB code: 3EOJ) 
from P. aestuarii were also listed as a comparison. 
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a binding sites and the assembly of these two proteins. Although at the gene expression 
level, it seems the csmA gene is not regulated and the pscA gene is slightly up-regulated 
in the mutant, it would be important in the future to see whether there is any regulation at 
the active protein complex level as is the case for the FMO protein.  
 
There have been several studies that also indicate that the type of esterifying alcohol is an 
important component for the synthesis of a fully functional photosystem (48, 50, 51, 55). 
For example, it was observed that the amount of mature LH2, LH1 and RC complexes in 
both Rhodobacter sphaeroides (48) and Rhodobacter capsulatus (50) were severely 
reduced after replacing the tail of BChl a from phytyl to geranylgeranyl. In an extreme 
situation, if the tail esterifying step was blocked, no such complexes were assembled and 
the cells lost the ability to do photosynthesis (50). The biological significance of the ester 
groups of the 17-propionate substituent was recently reviewed by Tamiaki et al (55). 
 
2. Optical properties and thermal stability 
When the favorable BChl aP is not available, the FMO protein will incorporate the more 
rigid BChl aGG, albeit less efficiently. First, this directly results in a partial failure of the 
protein assembly as discussed above. Second, the conformation of the BChl aGG in the 
assembled FMO mutant is more heterogeneously distributed, which broadens the spectral 
peak inhomogeneously. This was demonstrated by both the absorption and fluorescence 
spectra at RT and 77 K (Figs. 5 and 6). Interestingly, the only excitonic state that can be 
resolved at 77 K is that represented by the 826 nm peak, which is the excitation trap. As 
discussed above, the conformation of BChl a #4, which partially contributed to the lowest 
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excitonic state (26, 27) seems to be unchanged. Third, although there are some FMO 
proteins successfully assembled, they are less thermally stable than the wild type (Fig. 
10).  
 
Because the tail is not part of the conjugated electron system of the tetrapyrrole, it is 
commonly accepted to be neutral and optical silent (55, 56). The difference of the spectra 
of the wild type and mutant FMOs is probably due to an altered packing of the BChl to 
release the torsion restriction, resulting in changes in the interactions between BChl and 
other components of the FMO protein. 
 
3. Membrane topology 
The smaller number of mature FMO complexes in the BchP mutant cells results in a 
significant change in the stoichiometry of chlorosome to FMO, which might give some 
indication of the topology of chlorosome and FMO on the membrane. The purified 
chlorosomes from both the wild type and mutant cells show a similar size as checked by 
sucrose density gradients. If all the FMO proteins are covered by the chlorosomes in vivo, 
the density of FMO on the cytoplasmic membrane in the BchP cells should be smaller 
than that of the wild type. It will be interesting to compare the binding affinity of the 
chlorosome to the cytoplasmic membrane and the stoichiometry of CsmA to FMO in the 
C. tepidum wild and BchP mutant cells. However, if the density of FMO under the 
chlorosome is the same, the smaller amount of FMO protein in the mutant cells must 
mean that there are FMO proteins that are not covered by the chlorosome, at least in the 
wild type cells. It has been widely discussed in the past in terms of how many FMO per 
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RC are present in the wild type RC (57, 58), with the numbers ranging from 5-6 to only 
one FMO tightly bound to the RC. The BchP mutant may be a good comparison system 
to re-investigate this question in the future.  
 
In conclusion, the success to generate the first FMO mutant by replacing the phytyl tail of 
BChl a to geranylgeranyl allows us to examine the assembly of the FMO protein. 
Although the FMO protein could still be assembled, the amount is much less in the 
mutant cells, which raises interesting questions of the topology of FMO on the cell 
membrane. The assembled FMO mutant shows generally similar optical properties as the 
wild type, but the conformations of the pigments are more heterogeneously distributed 
due to the rigidness of more double bonds, as seen in the spectral broadening. An atomic 
resolution structure of the FMO_BchP will be extremely helpful to understand the 
structural and functional differences from that of the wild type FMO. 
 
Experimental procedures 
C. tepidum mutagenesis, culture conditions and FMO purification 
The C. tepidum bchP deletion mutant conferring resistance to gentamycin was generated 
according to Harada et al (45). Both the wild type and mutant cells were grown in sealed 
carboys under 150 µE m-2s-1 light intensity at 35 °C for two days. For the BchP mutant, 5 
µM of gentamycin was added to the growth media. Thirty grams of wet cells of C. 
tepidum wild type and BchP mutant respectively, were used for the FMO purification 
following the method described by Wen et al (10). The cells were broken by ultra-
sonication and the cytoplasmic membranes were enriched by ultracentrifugation. Both 
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membranes were suspended into 150 ml of 20 mM Tris/HCl buffer (pH = 8.0), which 
gave OD745nm ~ 150 cm-1. The FMO protein was released from the re-suspended 
membrane by incubation with 0.2 M Na2CO3 for 24 hr and 0.4 M Na2CO3 for another 24 
hr. The released FMO protein was collected in the supernatant after ultracentrifugation. 
The optical density (OD) at 808 nm of the supernatant from the wild type and mutant 
cells were 1.6 and 0.3, respectively. The protein was further purified by a combination of 
ion exchange and gel filtration columns until OD267nm/OD371nm < 0.6. 
 
Pigment analysis by HPLC 
The pigment from purified FMO protein was extracted by methanol and applied to an 
Agilent series 1100C high-performance liquid chromatography (HPLC) system with an 
XDB C18 reversed-phase column (4.6 by 250 mm; pore size: 100 Å; Agilent 
Technologies). Pigments were eluted by 100% methanol with a flow rate of 1 ml/min for 
25 min. The photodiode-array detector was set to detect 770 nm, 670 nm, 490 nm and 
280 nm. Pigments eluted by HPLC were collected for further mass analysis.   
 
Pigment analysis by MALDI-TOF 
The pigment fractions collected after HPLC were dried by speed vac (Millipore, USA) 
and re-suspended into methanol to OD at 777 nm = 5.  1 µL of pigment solution was 
mixed with 1 µL of matrix (10 mg/ml 2',4',6'-trihydroxyacetophenone monohydrate in 
50% CH3CN/H2O, 0.1% trifluoroacetic acid) by vortexing and 0.3 µL was spotted on an 
ABI-192-AB stainless steel plate. The samples were analyzed using MALDI-TOF 
(Applied Biosystems 4700 proteomics analyzer) instrument under reflection positive 
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acquisition and processing modes. Each spectrum was averaged by summing 40 sub-
spectra with 50 laser shots/sub-spectrum. The laser intensity was 3800 arbitrary units 
(AU). For the MS/MS experiment, a precursor ion was selected with a molecular weight 
(MW) ± 2 window, and reflection positive MS/MS acquisition and processing modes 
were used. The laser intensity was increased to 6700 AU. Collision induced dissociation 
was used to fragment the precursor ions. The expansion chamber pressure was 
maintained at 570 Torr during the MS/MS analysis.  
 
Steady-state optical spectra 
Absorption spectra were recorded with a Lambda 950 UV/VIS spectrophotometer (Perkin 
Elmer, USA). Fluorescence emission spectra were taken using a Photon Technology 
International fluorometer at 4 nm spectral bandwidth with an avalanche photodiode 
detector (Model 27, Advanced Photonics Inc., USA). The excitation wavelength was 370 
nm with a 350–540 nm pass-through filter. A 1 cm path-length cuvette was used, and the 
absorption of the samples at 807 nm was OD = 0.1. CD spectra were recorded on a Jasco 
J-815 CD spectrometer using a 0.1 cm path-length quartz cell and averaged over eight 
scans for each sample with a scan speed of 50 nm/min and bandwidth of 1 nm. The 
protein solution was diluted into 70% glycerol and cooled to 77 K using a temperature-
controlled cryostat (OptistatDN, Oxford Instruments, UK) for low temperature 
measurements. 
 
Fluorescence lifetimes 
The excited state lifetime of the FMO protein was measured by time-correlated single  
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 photon counting. A mode-locked Ti:sapphire laser (Tsunami, Spectra-Physics) pumped 
by a frequency-doubled Nd:YVO4 laser (Millenia Xs, Spectra Physics) was used to 
generate 740 nm light pulses. The Ti:sapphire laser was operated at a repetition rate of 81 
MHz with a pulse width of <120 fs (full width at half maximum, FWHM). The repetition 
rate was controlled using a pulse picker (3980, Spectra Physics). A frequency doubler 
was used to generate the excitation light pulses at 370 nm. The applied excitation power 
at 800 KHz for all the measurements was 2.2 µW corresponding to excitation densities of 
1x108 - 1x109 photons/(pulse • cm2) which was chosen after testing a range of intensities 
to make certain no excitation annihilation effects were present. The fluorescence signal 
was collected in a 90°-geometry after passing through a monochrometor, and arrival 
times were stored in 4096 channels of a multichannel photomultiplier analyzer. The 
excitation light had a bandwidth of 12 nm and the emission bandwidth was 6 nm. The 
instrument response function (IRF, 35 ps FWHM) for the entire TCSPC setup was 
recorded by measuring the scattered light from a piece of metal placed in the sample 
chamber. Fluorescence decay curves were fitted to a sum of exponentials, convoluted 
with the instrument response function using Origin or Asufit. The quality of a fit was 
judged from the χ2-value and by visual inspection of the residuals. The number of 
exponentials was considered sufficient if the addition of one extra decay component did 
not significantly improve the fit.  
 
Thermal stability 
The thermal stability of the FMO protein and the mutant was investigated by monitoring 
the decrease of the Qy peak after increasing the temperature. Temperature was controlled 
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using the Peltier 1+1 temperature controlling accessory (PerkinElmer, USA), which 
controls and monitors two electronically thermostatted cells placed in the sample 
compartment of the spectrophotometer. The temperature was raised from 5 °C to 90 °C in 
increments of 5 °C. The sample was equilibrated at the desired temperature for 5 min 
before measurement. The temperature stability was ± 0.2 °C. The protein was dissolved 
in 20 mM Tris buffer with 0.1 M NaCl and was gently stirred.  
 
RNA purification and quantitative real-time PCR (qRT-PCR).  
C. tepidum wild and mutant cells were harvested after 2 days growth under the same 
conditions. The RNA purification and qRT-PCR were done following Tang et al (47). In 
brief, RNA was isolated from the cell pellets using TRIzol reagent (Invitrogen) and 
possible DNA contamination was further removed by DNase treatment. Three 
independent RNA samples were prepared with A260/A280 ratio > 2. cDNA was synthesized 
from 1 µg RNA and 100 µM random 9-mer DNA using Superscript III reverse 
transcriptase (Invitrogen). The qRT-PCRs were performed via the ABI 7500 real-time 
PCR system. The primers for qRT-PCRs (shown in Table 3) were designed using the 
Primer Express 2.0 software program (Applied Biosystems) and analyzed by the 
OligoAnalyzer 3.0 program (Integrated DNA Technologies). An initial denaturation step 
(15 min at 95 °C), followed by 40 amplification cycles (15 s at 95 °C, 30 s at 60 °C, and 
45 s at 72 °C) and then 1 dissociation cycle (15 s at 95 °C, 1 min at 60 °C, and then 15 s 
at 95 °C) were applied for the PCR using Power SYBR green master mix (Applied 
Biosystems). In the data analysis, the threshold cycle (CT) was calculated as the cycle 
number at which ∆Rn (the magnitude of the fluorescence intensity generated by the given 
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set of PCRs) crossed the baseline. Data were normalized by calculating ∆CT = CT of the 
target gene − CT of the housekeeping gene (16S rRNA). Each experiment was repeated 
three times for validation, and the mean value was reported (Table 1). 
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Table 3. Primers used for the qRT-PCR studies 
Gene Forward primers (5’ – 3’) Reverse primers (5’ – 3’) 
16S rRNA GGGTGAGTAAGGCATAGGTAATCTG CGCTGCATCATCTGGTATTGTC  
csmA CCAGTGACCTTCGACCATAACC GAGGCGTCTTTACCGACATTTT 
csmD TGACAAATTCAGCCGTTTCG CGATCCGATAGCGTTTGTGA 
pscA TCCGTTCGCTGAAACAGAAA CGGAGCATCGGTCATTAAAGA 
Fmo CGTGCCCAACCCGATCTAC GCGGAACTTTCATGAGGATGTC 
 
 
 
 
 
 
 
 
 
 
 Chapter 3 
 102 
References 
1. Ganapathy S, Oostergetel GT, Wawrzyniak PK, Reus M, Gomez Maqueo Chew A, 
Buda F, Boekema EJ, Bryant DA, Holzwarth AR, de Groot HJ (2009) Alternating syn-
anti bacteriochlorophylls form concentric helical nanotubes in chlorosomes. Proc Natl 
Acad Sci USA 106, 8525-8530.  
2. Frigaard NU, Li H, Milks KJ, Bryant DA (2002) Nine mutants of Chlorobium tepidum 
each unable to synthesize a different chlorosome protein still assemble functional 
chlorosomes. J Bacteriol 186, 646-653. 
3. Oostergetel GT, van Amerongen H, Boekema EJ. (2010) The chlorosome: a prototype 
for efficient light harvesting in photosynthesis. Photosynth Res. DOI 10.1007/s11120-
010-9533-0 
4. Saga Y, Shibata Y, Tamiaki H (2010) Spectral properties of single light-harvesting 
complexes in bacterial photosynthesis. J. Photochem. Photobiol., C 11, 15-24 
5. Pedersen MO, Linnanto J, Frigaard NU, Nielsen NC, Miller M. (2010) A model of the 
protein-pigment baseplate complex in chlorosomes of photosynthetic green bacteria. 
Photosynth Res DOI 10.1007/s11120-009-9519-y 
6. Pedersen MØ, Underhaug J, Dittmer J, Miller M, Nielsen NC (2008) The three-
dimensional structure of CsmA: a small antenna protein from the green sulfur 
bacterium Chlorobium tepidum. FEBS Lett 582, 2869-2874. 
7. Montaño GA, Wu HM, Lin S, Brune DC, Blankenship RE (2003) Isolation and 
characterization of the B798 light-harvesting baseplate from the chlorosomes of 
Chloroflexus aurantiacus. Biochemistry 42, 10246-51. 
8. Olson JM (2004) The FMO protein. Photosynth Res 80, 181-187. 
9. Hauska G, Schoedl T, Remigy H, Tsiotis G (2001) The reaction center of green sulfur 
bacteria. Biochim Biophys Acta 1507, 260-277 
10. Wen J, Zhang H, Gross ML, Blankenship RE (2009) Membrane orientation of the 
FMO antenna protein from Chlorobaculum tepidum as determined by mass 
spectrometry-based footprinting. Proc Natl Acad Sci USA 106, 6134–6139 
11. Adolphs J, Renger T (2006) How proteins trigger excitation energy transfer in the 
FMO Complex of Green Sulfur Bacteria. Biophys J 91, 2778-2797 
 Chapter 3 
 103 
12. Olson J, Romano C (1962) A new chlorophyll from green bacteria. Biochim Biophys 
Acta 59, 726–728 
13. Fenna RE, Matthews BW (1975) Chlorophyll arrangement in a bacteriochlorophyll 
protein from Chlorobium limicola. Nature 258, 573-577. 
14. Tronrud DE, Schmid MF, Matthews BW (1986) Structure and x-ray amino acid 
sequence of a bacteriochlorophyll a protein from Prosthecochloris aestuarii refined at 
1.9 Å resolution. J Mol Biol 188, 443-454. 
15. Tronrud DE, Wen J, Gay L, Blankenship RE (2009) The structural basis for the 
difference in absorbance spectra for the FMO antenna protein from various green 
sulfur bacteria. Photosynth Res 100, 79-87. 
16. Li YF, Zhou W, Blankenship RE, Allen JP (1997) Crystal structure of the 
bacteriochlorophyll a protein from Chlorobium tepidum. J Mol Biol 271, 456-471. 
17. Ben-Shem A, Frolow F, Nelson N (2004) Evolution of photosystem I - from 
symmetry through pseudo-symmetry to asymmetry. FEBS Lett 564, 274-280. 
18. Camara-Artigas A, Blankenship RE, Allen JP (2003) The structure of the FMO 
protein from Chlorobium tepidum at 2.2Å resolution. Photosynth Res 75, 49-55 
19. Alexander B, Andersen JH, Cox RP, Imhoff JF (2002) Phylogeny of green sulfur 
bacteria on the basis of gene sequences of 16S rRNA and of the Fenna-Matthews-
Olson protein. Arch.Microbiol. 178, 131-140. 
20. Imhoff JF (2003) Phylogenetic taxonomy of the family Chlorobiaceae on the basis of 
16S rRNA and fmo (Fenna-Matthews-Olson protein) gene sequences. Int. J. Syst. 
Evol. Micro. 53, 941- 951. 
21. Bryant DA, Costas AM, Maresca JA, Chew AG, Klatt CG, Bateson MM, Tallon LJ, 
Hostetler J, Nelson WC, Heidelberg JF, Ward DM (2007) Candidatus 
Chloracidobacterium thermophilum: an aerobic phototrophic Acidobacterium. 
Science 317, 523-526. 
22. Tsukatani Y, Wen J, Blankenship RE, and Bryant DA (2010) Characterization of the 
FMO protein from the aerobic chlorophototroph, Candidatus Chloracidobacterium 
thermophilum. Photosyn Res DOI 10.1007/s11120-009-9517-0 
23. Cheng YC, Fleming GR (2009) Dynamics of Light Harvesting in Photosynthesis. Ann. 
Rev. Phys.Chem. 60, 241-262. 
 Chapter 3 
 104 
24. Milder MTW, Brüggemann B, van Grondelle R, Herek JL (2010) Revisiting the 
optical properties of the FMO protein. Photosyn Res DOI 0.1007/s11120-010-9540-1 
25. Renger T (2009) Theory of excitation energy transfer: from structure to function. 
Photosynth Res 102, 471–485 
26. Blankenship RE, Matsuura K (2003) Antenna complexes from green photosynthetic 
bacteria. In: Light-Harvesting Antenna in photosynthesis (Green BR, Parson WW 
eds). pp 195-217, Kluwer Academic Publishers, Dordrecht, The Netherlands,. 
27. Johnson S, Small G (1991) Excited-state structure and energy-transfer dynamics of 
the bacteriochlorophyll a antenna complex from Prosthecochloris aestuarii. J Phys 
Chem 95, 471–479 
28. Pearlstein R (1992) Theory of the optical spectra of the bacteriochlorophyll a antenna 
protein trimer from Prosthecochloris aestuarii. Photosynth Res 31, 213–226 
29. Müh F, Madjet Mel-A, Adolphs J, Abdurahman A, Rabenstein B, Ishikita H, Knapp 
EW, Renger T. (2007) α-Helices direct excitation energy flow in the Fenna-
Matthews-Olson protein. Proc Natl Acad Sci USA 104, 16862-16867 
30. Brixner T, Stenger J, Vaswani HM, Cho M, Blankenship RE, Fleming GR (2005) 
Two-dimensional spectroscopy of electronic couplings in photosynthesis. Nature 434, 
625-628. 
31. Read EL, Schlau-Cohen GS, Engel GS, Wen J, Blankenship RE, Fleming GR (2008) 
Visualization of Excitonic Structure in the Fenna-Matthews-Olson Photosynthetic 
Complex by Polarization-Dependent Two-Dimensional Electronic Spectroscopy. 
Biophys J. 95, 847-856. 
32. Cho M, Brixner T, Stiopkin I, Vaswani H, Fleming GR (2006) Two Dimensional 
Electronic Spectroscopy of Molecular Complexes. J. Chin Chem  Soc 53, 15-24. 
33. Engel GS, Calhoun TR, Read EL, Ahn TK, Mančal T, Cheng YC, Blankenship RE, 
Fleming GR (2007) Evidence for wavelike energy transfer through quantum 
coherence in photosynthetic systems. Nature 446, 782–786. 
34. Ishizaki A, Fleming GR (2009) Theoretical examination of quantum coherence in a 
photosynthetic system at physiological temperature. Proc. Natl. Acad. Sci. USA 106, 
17255-17260. 
 Chapter 3 
 105 
35. Panitchayangkoon G, Hayes G, Fransted KA, Caram JR, Harel E, Wen J, 
Blankenship RE, Engel GS (2010) Long-lived quantum coherence in photosynthetic 
complexes at physiological temperature. arXiv:1001.5108v1 
36. Collini E, Wong CY, Wilk KE, Curmi PMG, Brumer P, Scholes GD (2010) 
Coherently wired light-harvesting in photosynthetic marine algae at ambient 
temperature. Nature 463, 644-648 
37. Mohseni M, Rebentrost P, Lloyd S, Aspuru-Guzik A (2008) Environment-assisted 
quantum walks in energy transfer of photosynthetic complexes. J Chem Phys 129, 
174106. 
38. Beljonne D, Curutchet C, Scholes GD, Silbey RJ (2009) Beyond Forster Resonance 
Energy Transfer in Biological and Nanoscale Systems. J. Phys. Chem. B 113, 6583-
6599. 
39. Palmieri B, Abramavicius D, Mukamel S (2010) Interplay of slow bath fluctuations 
and energy transfer in 2D spectroscopy of the FMO light-harvesting complex: 
benchmarking of simulation protocols. Phys. Chem. Chem. Phys. 12, 108-114. 
40. Rebentrost P, Mohseni M, Aspuru-Guzik A (2009) Role of Quantum Coherence and 
Environmental Fluctuations in Chromophoric Energy Transport. J. Phys. Chem. B 
113, 9942–9947 
41. Eisen JA, Nelson KE, Paulsen IT, Heidelberg JF, Wu M, Dodson RJ, Deboy R, 
Gwinn ML,Nelson WC, Haft DH, Hickey EK, Peterson JD, Durkin AS, Kolonay JL, 
Yang F, Holt I, Umayam LA, Mason T, Brenner M, Shea TP, Parksey D, Nierman 
WC, Feldblyum TV, Hansen CL, Craven MB, Radune D, Vamathevan J, Khouri H, 
White O, Gruber TM, Ketchum KA, Venter JC, Tettelin H, Bryant DA, Fraser CM 
(2002) The complete genome sequence of Chlorobium tepidum TLS, a photosynthetic, 
anaerobic, green-sulfur bacterium. Proc Natl Acad Sci USA 99, 9509-9514. 
42. Frigaard NU, Chew AGM, Li H, Maresca JA, Bryant DA (2003) Chlorobium tepidum: 
insights into the structure, physiology and metabolism of a green sulfur bacterium 
derived from the complete genome sequence. Photosynth Res 78, 93-117. 
43. Wahlund TM, Madigan MT (1995) Genetic transfer by conjugation in the 
thermophilic green sulfur bacterium Chlorobium tepidum. J Bacteriol 177, 2583-
2588. 
 Chapter 3 
 106 
44. Frigaard NU, Bryant D (2004) Seeing green bacteria in a new light: genomics-
enabled studies of the photosynthetic apparatus in green sulfur bacteria and 
filamentous anoxygenic phototrophic bacteria. Arch Microbiol 182, 265-276. 
45. Harada J, Miyago S, Mizoguchi T, Azai C, Inoue K, Tamiaki H (2008) Accumulation 
of chlorophyllous pigments esterified with the geranylgeranyl group and 
photosynthetic competence in the CT2256-deleted mutant of the green sulfur 
bacterium Chlorobium tepidum. Photochem. Photobiol. Sci. 7, 1179-1187. 
46. Chew AGM, Frigaard NU, Bryant DA (2008) Identification of the bchP gene, 
encoding geranylgeranyl reductase in Chlorobaculum tepidum. J. Bacteriol. 190, 747-
749. 
47. Tang K-H, Wen J, Li X and Blankenship RE (2009) The role of the AcsF protein in 
Chloroflexus aurantiacus. J. Bacteriol. 191, 3580-3587. 
48. Addlesee HA, Hunter CN (1999) Physical mapping and functional assignment of the 
geranylgeranyl-bacteriochlorophyll reductase gene, bchP, of Rhodobacter 
sphaeroides. J. Bacteriol. 181, 7248–7255 
49. Mizoguchi T, Harada J, Tamiaki H. (2006) Structural determination of dihydro- and 
tetrahydrogeranylgeranyl groups at the 17-propionate of bacteriochlorophylls-a. 
FEBS Lett. 580, 6644-6648. 
50. Bollivar DW, Wang S, Allen JP, Bauer CE. (1994) Molecular genetic analysis of 
terminal steps in bacteriochlorophyll a biosynthesis: characterization of a 
Rhodobacter capsulatus strain that synthesizes geranylgeraniol-esterified 
bacteriochlorophyll a. Biochemistry 33, 12763-12768. 
51. Addlesee HA, Hunter CN. (2002) Rhodospirillum rubrum possesses a variant of the 
bchP gene, encoding geranylgeranyl-bacteriopheophytin reductase. J Bacteriol. 184, 
1578-86. 
52. Freiberg A, Lin S, Timpmann K, Blankenship RE (1997) Exciton dynamics in FMO 
bacteriochlorophyll protein at low temperatures. J. Phys. Chem. B 101, 7211-7220 
53. Zhou W, LoBrutto R, Lin S, Blankenship RE (1994) Redox effects on the 
bacteriochlorophyll a-containing Fenna-Matthews-Olson protein from Chlorobium 
Cepidum. Photosyn Res 41, 89-96 
 Chapter 3 
 107 
54. Rätsep M, Freiberg A (2007) Unusual temperature quenching of bacteriochlorophyll 
a fluorescence in FMO antenna protein trimers. Chemical Physics Letters 434, 306–
311 
55. Tamiaki H, Shibata R, Mizoguchi T. (2007) The 17-propionate function of 
(bacterio)chlorophylls: biological implication of their long esterifying chains in 
photosynthetic systems. Photochem Photobiol. 83, 152-162. 
56. Fiedor L, Kania A, Myśliwa-Kurdziel B, Orzeł Ł, Stochel G. (2008) Understanding 
chlorophylls: central magnesium ion and phytyl as structural determinants. Biochim 
Biophys Acta. 1777, 1491-1500. 
57. Francke C, Permentier HP, Franken EM, Neerken S, Amesz J (1997) Isolation and 
properties of photochemically active reaction center complexes from the green sulfur 
bacterium Prosthecochloris aestuarii. Biochemistry 36, 14167-14172. 
58. Rémigy HW, Stahlberg H, Fotiadis D, Müller SA, Wolpensinger B, Engel A, Hauska 
G, Tsiotis G (1999) The reaction center complex from the green sulfur bacterium 
Chlorobium tepidum: a structural analysis by scanning transmission electron 
microscopy. J Mol Biol 290, 851–858. 
 
 
 
 
 
 
 
 
  
 108 
 
 
 
 
 
 
 
Chapter 4. 
Membrane Orientation of the FMO Antenna Protein from 
Chlorobaculum tepidum as Determined by Mass Spectrometry-Based 
Footprinting* 
 
 
 
 
 
 
 
 
* This chapter is based on the published work: Proc Natl Acad Sci U S A. 2009 106(15): 6134–6139. 
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Abstract 
The high excitation energy-transfer efficiency observed in photosynthetic organisms 
relies on the optimal pigment-protein binding geometry in the individual protein 
complexes and also on the overall architecture of photosystems. In green sulfur bacteria, 
the membrane-attached Fenna-Matthews-Olson (FMO) antenna protein functions as a 
“wire” to connect the large peripheral chlorosome antenna complex with the reaction 
center (RC), which is embedded in the cytoplasmic membrane (CM). Energy collected by 
the chlorosome is funneled through the FMO to the RC. Although there has been 
considerable effort to understand the relationships between structure and function of the 
individual isolated complexes, the specific architecture for in-vivo interactions of the 
FMO protein, the CM, and the chlorosome, ensuring highly efficient energy transfer, is 
still not established experimentally. Here we describe a novel mass spectrometry- based 
method that probes solvent-exposed surfaces of the FMO by labeling solvent-exposed 
aspartic and glutamic acid residues. The locations and extents of labeling of FMO on the 
native membrane in comparison with it alone and on a chlorosome-depleted membrane 
afford an answer. The large differences in the modification of certain peptides show that 
the Bchl a #3 side of the FMO trimer interacts with the CM, which is consistent with 
recent theoretical predictions. Moreover, the results also provide direct experimental 
evidence to confirm the overall architecture of the photosystem from Chlorobaculum 
tepidum (C. tepidum) and give information on the packing of the FMO protein in its 
native environment. 
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Introduction 
Photosynthesis is a fundamental biological process that harvests solar energy to power 
the life cycle on earth (1). A diverse family of pigment-protein complexes and elegant 
architectures accomplish the necessary light-harvesting and energy-storage processes (2-
5). In photosynthetic green sulfur bacteria, light absorbed by a large antenna complex 
known as a chlorosome (6-8) is transferred through a protein named the Fenna-Matthews-
Olson or FMO protein (9) to the reaction centers, which are embedded in the CM. 
Together, they form a funnel-like architecture to facilitate energy transfer. The specific 
orientation of the critical linker, the FMO protein, however is unknown (Fig. 1A). 
 
The structure of the FMO protein was the first (bacterio)chlorophyll binding protein to be 
determined by X-ray crystallography. Structures of this protein from two species, 
Prosthecochloris aestuarii 2K (10, 11) and C. tepidum (12) are now available, and they 
show strong structural and spectral similarities. The FMO protein consists of three 
identical subunits of mass ~40 kDa related by a 3-fold axis of symmetry. The three 
monomers form a disc with a C3 symmetry axis perpendicular to the disc plane (Fig. 1B). 
There are seven BChl a molecules in each monomer, although an eighth pigment has 
been resolved in newly solved structures (13, 14). Each pigment experiences a different 
local environment (Fig. 1C), and their site energies are fine-tuned by specific interactions 
with the protein. Bchl a #3 and Bchl a #1, for example, are on the opposite sides of the 
FMO protein from the side view of the FMO trimer (Fig. 1C).  
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Fig. 1 Photosystem from C. tepidum and structure of FMO. A. Model architecture of 
photosystem from C. tepidum. The two possible orientations of FMO on the CM are 
presented. Bchl a #3 is shown as a star. B. Top view of the FMO trimer with the Bchl a 
#3 side shown. All the pigments are omitted except Bchl a #3 which is colored cyan. The 
side chains of all the D/E residues are highlighted as red sticks. In each FMO monomer, 
there are 21 D and 20 E residues plus a C-terminal carboxyl group. C. Side view of the 
FMO trimer shown as cartoon, ribbon and mesh for clarity. Positions of Bchl a #3 (cyan) 
and Bchl a #1 (red) are labeled in the monomer shown by cartoon. All the phytol tails of 
pigments are omitted for clarity. 
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Given that the FMO protein plays a critical role in the energy transfer pathway, 
significant effort has been made to understand its electronic structure. Quantum effects 
(15-20), which were recently clarified in this complex, may function to improve the 
energy-transfer efficiency. A defined energy-transfer pathway was also elucidated by 
both 2D electronic spectroscopy (21) and novel theoretical calculations (20). The pigment 
with the lowest site energy, the assignment of which was historically controversial (22-
24), is predicted to be Bchl a #3 on the basis of coupling with the dipole of adjacent alpha 
helices (19). This energy-sink pigment is expected to be close to the CM to ensure 
efficient energy transfer from the FMO protein to the RC (20). Thus, this side of the 
FMO trimer (Bchl a #3 side) should be in close contact with the RC in the CM.  
 
The opposite orientation, however, was predicted from the structure of the isolated 
protein. Hydrophobicity analysis of the FMO protein favors an interaction of the Bchl a 
#1 side of the protein with the CM (12), in accord with another suggestion based on the 
existence of an extra pigment (13). In this latter model, the resolved extra pigment forms 
an energy transfer bridge between the FMO and the RC.  
 
The experimental evidence related to the orientation of the FMO comes from linear 
dichroism (25) and 3D reconstitution data based on STEM images (26). Both suggest that 
the FMO disc sits flat on the CM with its C3 symmetry axis perpendicular to the plane of 
the membrane. However, the specific orientation of the disc (i.e., which side interacts 
with the CM), which must have high impact on the efficiency of energy transfer, cannot 
be determined using these methods. 
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Moreover, the overall architecture, including the relative orientation and the extent of the 
interaction between the individual antenna complexes, to insure efficient energy transfer 
is also poorly understood. The interaction between the flat surface of the FMO trimer and 
the RC, shown by the STEM image (26), is not as strong as proposed on the basis of 
protein hydrophobicity, which suggests the FMO is probably partially buried in the CM 
(12). On the chlorosome side, the detailed interaction between the FMO and the CsmA 
protein is not clear, although surface plasmon resonance (27) and cross-linking data (28) 
suggest that FMO protein directly interacts with the CsmA protein and is probably 
partially buried in the CsmA layer (28). In short, a comprehensive interaction map at the 
molecular level of the various components, chlorosome, FMO and RC, is still needed.  
 
We report here a method that combines carboxyl group modification with mass 
spectrometry to afford surface mapping or footprinting (29, 30) of the protein, revealing 
the interaction of proteins associated with membranes. We chose for mapping the reagent, 
glycine ethyl ester (GEE), which is used to label any solvent accessible carboxyl groups 
from glutamic acid (E), aspartic acid (D), or the C-terminus by zero-length crosslinking 
(28, 31-33). Although the use of labeling reagents for mapping and crosslinking are not 
new and liquid chromatography/tandem mass spectrometry (LC/MS/MS) is commonly 
used in complex proteomics, their combination, made highly specific with highly 
accurate mass measurements, is a new approach.  
 
Three states of the protein were investigated for comparison: the isolated FMO protein, 
the protein attached to the CM but with chlorosomes removed, and the protein in the  
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Fig. 2 Schematic experimental design and procedure. The solvent-exposed surface of 
isolated FMO protein, FMO from chlorosome-depleted membrane and FMO from native 
membrane was probed by a small molecule, which can be covalently attached to certain 
residues. The labeling sites were determined by MS after protein purification and enzyme 
digestion. The modification level of different peptides was compared to determine the 
interaction interface. 
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native membrane (i.e., with chlorosomes attached). The labeled sites on the FMO protein 
from these three samples were located by LC-MS/MS analysis of peptides produced by 
in-gel trypsin digestion of the protein following its isolation (Fig. 2). The modification 
levels of various peptides from the three samples, upon quantitative analysis on the basis 
of selected ion chromatograms (SIC) (34), show that the Bchl a #1 side of the FMO 
protein in the native membrane was modified to a lesser extent compared to that after the 
chlorosome was removed. When the FMO protein is attached to the CM, with or without 
chlorosomes, the modification levels of the Bchl a #3 side of the FMO protein were never 
as high as those for the free protein. Thus, it is the Bchl a #3 side of the protein that is in 
contact with the CM.  
 
Results 
Three samples were prepared and subjected to chemical modification: the isolated FMO 
protein as a control (Fig. 3A), the chlorosome-depleted membrane (Fig. 3B), and the 
native membrane (Fig. 3C). In the native membrane, the strong chlorosome absorption at 
746 nm, 457 nm and 336 nm obscures the spectral features of the other components (Fig. 
3C), and the Qy absorption band of the FMO is just a shoulder. After chlorosome 
depletion by the chaotropic reagent NaI, the FMO protein is still attached to the CM and 
shows the characteristic absorption. Peaks from the RC (671 nm) and from carotenoids in 
the 400-500 nm region are recognizable in the absorption of chlorosome-depleted 
membranes (Fig. 3B). The isolated FMO protein showed identical absorption spectra 
before and after GEE modification (Fig. 3A), which indicated no significant 
conformational change after protein modification.  
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Fig. 3 Characteristic absorption spectra. A. Absorption spectra of purified FMO protein 
(red) and FMO protein after GEE modification (black). B. Chlorosome-depleted 
membrane. C. Native membrane from C. tepidum. 
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The modification of the D/E residues on the FMO protein by GEE was done under 
physiological conditions by using the zero-length crosslinker, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC). The mechanism of the 
modification is shown in Fig. 4. Once the three samples were modified, they were 
submitted to SDS-PAGE. Separate samples of the FMO protein, visualized in appropriate 
gel bands were in-gel digested, and the peptides were loaded to LC to identify and 
quantify the modification sites by MS/MS. 
 
In the LC-MS analysis (an example is shown in Fig. 5), peptides and their modifications 
were identified by both accurate mass measurement (accuracy < 10 ppm) and tandem 
mass spectrometry (MS/MS, Fig. 6). The accurate mass is needed to add specificity for 
analysis of the complex mixtures that arise by protein digestion. The modification of one 
D/E site by GEE shifts the peptide mass +85.0528 Da (C4H7NO) (Fig. 5D). The added 
ester group also undergoes hydrolysis under either the basic conditions during protein 
purification or under the acidic conditions used for LC/MS, or both. After hydrolysis, the 
mass shift for a given one-site modified peptide changes to +57.0215Da (C2H3NO) (Fig. 
5C). The hydrolysis conserves a carboxyl group, producing little conformational stress 
and maintaining the stabilization of the protein. The +57.0215 Da peptide generally 
eluted at approximately the same time as or a little earlier than the unmodified peptide, 
whereas the +85.0528 Da peptide always eluted approximately 1-3 min later than the 
unmodified peptide, consistent with its increased hydrophobicity. This unique pattern 
helps in the identification of the modified peptides (Fig. 11). 
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Fig. 4  Mechanism of protein carboxyl group modification by amine with the zero-length 
crosslinker EDC. A slightly acidic condition will protonate the nitrogen on the 
carbodiimide, which will activate the carbon to be stronger electrophile. The 
deprotonated carboxyl group attacks the activated carbon to form a new bond (compound 
2), and the attached carbodiimide is a good leaving group. With free amine groups around 
(H2N-R2), a substitution reaction will happen and a stronger amide bond will form 
(compound 3). Side reactions might happen from compound 2. However, the main 
reaction will follow the red arrow in reality, since a large amount of free amine (glycine 
ethyl ester) was added to the solution. (Figure adapted from 
http://en.wikipedia.org/wiki/Carbodiimide) 
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Fig. 5 Typical chromatograms from LC/MS showing a peptide and the peptide with D/E 
modifications. A. LC chromatogram of the trypsin-digested FMO protein. B. Selected ion 
chromatogram (SIC) of the unmodified peptide (m/z = 698.3719 Da). C. SIC of the 
peptide with D/E modification (+ 57.0215 Da). D. SIC of the peptide with D/E 
modification (+ 85.0528 Da). The D/E modification sites were determined by the product 
ions (Fig. 5). The retention times of the peptides and the areas of SIC were labeled, and 
the mass accuracy was better than 10 ppm.  
 
 
 
 
 
 
 Chapter 4 
 120 
 
 
Fig. 6. Identification of the D/E modification sites by tandem mass (take peptide 67-79 as 
an example).  A. Product ions of the unmodified peptide. B. Product ions of the peptide 
with E6 being modified (+ 57 Da). C. Product ions of the peptide with E6 being modified 
(+ 85 Da). B and Y ions are labeled.  
 
 
 
 
Quantitative MS analysis was accomplished by obtaining selected ion chromatogram 
(SIC) of the trypsin-digested peptides. The modification level of a given peptide was 
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computed to be the ratio of the SIC of D/E modified peptides by the total ion 
chromatogram signals, which is the sum of ion currents of both modified and unmodified 
peptides. For example, the modification level of peptide 67-79 from the modified free 
protein, shown in Fig. 5, is equal to (1.94*107 + 1.24*107)/( 1.94*107 +1.24*107 + 
3.11*108) * 100% = 9% ± 2%. The same peptides from the treated FMO protein in 
chlorosome-depleted membranes and in native membranes were analyzed separately. 
This peptide has two possible modification sites. Remarkably, the modification of either 
site was identified and they were well separated by the HPLC method we adopted. An 
SIC signal for the modification of both sites of the same peptide (mass increments of 
+114.0430 Da, +170.1056 Da or +142.0743 Da) could not be detected at a signal-to-noise 
ratio of 2:1. In general, the SIC signal corresponding to multiple modifications of any 
peptide containing two or more carboxyl side chains was at or below the noise level, and 
they were not considered further in the analysis (Fig. 7).  
 
If there are no sites missed in the trypsin digestion, the FMO protein will be digested into 
25 peptides that contain at least six amino acids. Five peptides (132-143, 216-222, 287-
303, 325-331, and 340-347) do not have D/E residues, and they all were observed. Of the 
remaining twenty peptides, five peptides (169-181, 182-199, 225-238, 348-354 and 355-
366) have D/E residues, but the D/E residues are located in the connection region utilized 
to form a trimer, and they are buried under the trimer surface. The signals from these 
unmodified peptides were identified, but no modifications could be observed. When the 
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Fig. 7. Mass spectrometric analysis showing selected ion chromatograms for the 
unmodified peptide, the +57.0215 Da peptide, and the +85.0528 Da peptide. Signals from 
multiple modifications of certain peptides with more than one D/E modification site were 
generally noisy (e.g., peptide 67-79). A. LC chromatogram of the trypsin-digested FMO 
protein.  B. Selected ion monitoring (SIM) of the unmodified peptide (m/z = 698.3719). C. 
SIM of the peptide with D/E modification (+ 57.0215 Da).  D. SIM of the peptide with 
D/E modification (+ 85.0528 Da). E. SIM of the peptide with both D and E residues 
modified (+ 57.0215 x 2 Da). F. SIM of the peptide with both D and E residues modified 
(+ 85.0528 x 2 Da). G. SIM of the peptide with both D and E residues modified (+ 
85.0528 + 57.0215 Da). The retention times of the peptides and the areas of SIC were 
labeled, and the mass accuracy was 10 ppm or better. Peptides with either D or E residues 
modified (panels C and D) show strong signals whereas the signals for peptides 
containing modifications of both D and E residues are in the noise level (panels E, F and 
G).  
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Fig. 8 Certain D/E residues can only be modified after the protein is denatured. Red bars: 
the identified D/E modified peptides of the native protein. Green bars: the identified D/E 
modified peptides of the denatured protein. Modification of the D/E residues on peptides 
169-181, 182-199 and 225-238 are possible only when the FMO trimer is denatured. 
These D/E residues are located on the monomer connection region of the trimer, which 
are labeled in red in the inset protein structure. When the FMO protein is denatured, the 
modification level of each peptide is more or less similar, losing the signature of that of 
the native protein (for example, peptides 82-93 and 152-168 could be modified to much 
higher level in the native protein.) 
 
Modifications only found 
in denatured FMO 
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FMO trimers were denatured, however, these sites could be easily modified (Fig. 8), 
indicating stable binding of the three monomers to form the trimer. Two long tryptic 
peptides (1-29 and 97-126) were not detected in the LC/MS experiment. The loss of large 
peptides is a common problem in in-gel trypsin digestion. Signals for peptides 82-93, 
152-168 and 269-285 were barely above the noise level and only occasionally could be 
found; they also are not considered further.  
 
All other tryptic peptides were detected in the three samples; they are classified and listed 
in three groups in Fig. 9. Peptides 36-52, 67-79 and 304-314 (group A) of the modified 
FMO protein purified from chlorosome-depleted membranes and from the native 
membranes were not modified as extensively as those from the GEE-modified free FMO 
protein (compare the red bar with the green and blue bars in Fig. 9A), indicating that the 
corresponding regions of the protein are clearly protected. The modification levels of 
these peptides, from FMO either in the chlorosome-depleted membrane or in the native 
membrane, are approximately identical whether or not the chlorosome is removed from 
the membrane. This indicates that protection comes from the membrane and not from the 
chlorosomes.  
 
In contrast, several peptides, 53-62, 144-151, 203-215, 239-247 (group B), showed a 
statistically significant increase in modification after the chlorosome was removed from 
the CM (compare the green bars with the blue bars in Fig. 9C). In the native environment, 
the protein regions corresponding to these peptides are likely to be covered by the bulky 
chlorosomes, but they become available for labeling when the chlorosomes are not  
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present, regardless of the presence or absence of the membrane.  
 
Higher modification levels of peptides (green bars in Fig. 9C) are seen when the 
chlorosome was removed and the membrane remains than when the protein is free (red 
bars in Fig. 9C). This is likely due to the dimerization of the free FMO protein under low 
ionic strength. Such dimers have been shown by Blue-native PAGE and analytical 
ultracentrifugation analysis of the FMO protein. Recently, H/D exchange of the FMO 
protein under different concentrations clearly shows that these peptides are self-protected 
in the high protein concentration condition. Thus, protection of peptides in group A by 
the membrane is apparent from the results.   
 
There are also several peptides (Fig. 9E) that show no apparent trend as those seen for 
peptides in groups A and B. The modification levels of peptides 248-259 and 260-268 in 
the isolated FMO protein, for example, are the same as or slightly higher than those from 
FMO associated with the chlorosome-depleted membrane and with the native membrane. 
Both peptides are located in the middle and on the side of the FMO protein (highlighted 
in orange in Fig. 9F). They show slight protection when the membrane is present. Peptide 
332-339 is modified to a somewhat higher level in FMO taken from the chlorosome-
depleted membrane and from the native membrane than from the free protein. The D/E 
residues in this peptide are located in a flexible loop at the bottom region of the FMO 
disc and stick out of the protein body (blue colored in Fig. 9F). The local environment of 
these residues in the three different samples is expected to be similar; thus, this peptide 
may be an indicator of the amount of labeling reagents that can approach the FMO  
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Fig. 9 Modification level of certain peptides and their location in the protein 3D structure. 
A. Identified cytoplasmic membrane-protected peptides of FMO (group A); B. Location 
of peptides in group A (highlighted in red); C. Identified chlorosome-protected peptides 
of FMO (group B); D. Location of peptides in group B (highlighted with purple); E. 
Peptides that are identified and showed an approximately similar modification level; F. 
Location of peptides 248-259 and 260-268 (highlighted in orange) and location of peptide 
332-339 (highlighted in blue). In panels B, D and F, the side view of the FMO monomer 
is presented for clarity. Only Bchl a #3 (cyan) and Bchl a #1 (red) are labeled to show the 
orientation. 
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protein held in the chlorosome-depleted membrane and in the native membrane. 
 
In the ESI MS analysis, some peptides show different charge-state distributions; 
furthermore, a small fraction of certain peptides undergo other modifications (e.g., 
methionine oxidation and N/Q deamidation). Larger peptides from a few missed 
cleavages can also be found. These complications can affect in a small way the 
calculation of modification levels, but they do not change the trends (Fig. 10, 11). In the 
analysis, we always chose the dominant fractions, considered only the unmodified 
peptide, the +57.0215 peptide, and the +85.0528 peptide, except for peptide 36-52 and 
peptide 144-151. For peptide 36-52, the dominant material is a C propionamide (+ 
C3H7NO) formed by reaction with free acrylamide during SDS-PAGE, whereas that for 
peptide 144-151 is an M-oxidized species (Fig. 12). 
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Fig. 10. Results showing that charge distributions do not affect the calculation of the 
peptide modification levels (consider peptide 67-79 as an example).  A. Peptide 67-79 
showed two charge distributions z = 2 and z = 3. The dominant fraction is the signal from 
m/z = 698.3728 (z = 2). The m/z = 465.9169 (z = 3) fraction accounts for less than 6% of 
the total protein.  B. After taking both the z = 2 and z = 3 fractions into account (bars on 
the right), the calculated modification levels of this peptide from three samples slightly 
increased, but the overall trend was retained.  
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Fig. 11. Other modifications have little effect on the calculation of the peptide 
modification levels (consider N/Q deamidation on peptide 304-314 as an example).  A. 
LC chromatogram of the trypsin-digested FMO protein.  B. SIM of the unmodified 
peptide (m/z = 655.3304 Da).  C. SIM of the peptide with D/E modification (+ 57.0215 
Da).  D. SIM of the peptide with D/E modification (+ 85.0528 Da).  E. SIM of the 
peptide with N/Q deamidation (+ 0.9848 Da).  F. SIM of the peptide with N/Q 
deamidation and D/E modification (+ 57.0215 + 0.9848 Da).  G. SIM of the peptide with 
N/Q deamidation and D/E modification (+ 85.0528 + 0.9848 Da).  In panels B, C and D, 
the elutions of the unmodified peptide and the D/E modified peptide followed the trends 
discussed in the text. The +57.0215 peptide eluted slightly earlier than the unmodified 
peptide, and the +85.0528 Da peptide eluted approximately 2 min after the unmodified 
peptide. There are three groups of N/Q in this peptide (colored gray, green and blue in 
panel E). Deamidation was found in all these three groups, the isomeric peptides were 
well separated, and they were colored according to the deamidation site. The D/E 
modified deamidated peptides also separated into three groups (panels F and G) and 
showed the elution pattern described above.  H. After taking N/Q deamidation into 
account, the modification levels of this peptide from the three samples (bars on the right) 
are approximately the same as those without considering the N/Q deamidation (bars on 
the left). 
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Fig. 12. Identification of cysteine propionamide in peptide 36-52 and methionine 
oxidation in peptide 144-151.  A. Product ions of peptide 36-52 with Cys propionamide. 
The b and y ions are labeled.  B. Product ions of peptide 144-151 with M oxidation. The 
abundant b, y, b* and a* ions are labeled. 
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Discussion: 
Membrane Orientation of FMO.  
When peptides in group A are mapped onto the known FMO 3D structure (PDB code: 
1M5B), we see that all are located on the Bchl a #3 side of the protein (Fig. 9B). In 
contrast, peptides in group B are all located on the Bchl a #1 side of the protein (Fig. 9D). 
Considering both peptide sets, we are able to pinpoint the interactions between both the 
FMO protein and the chlorosome and the FMO and the CM. That is, the Bchl a #3 side of 
the protein interacts with the CM whereas the Bchl a #1 side interacts with the 
chlorosome. This orientation of the FMO trimers on the CM indicates that the newly 
resolved eighth Bchl a in the FMO protein (13,14) is located close to the chlorosome 
baseplate, suggesting that this new pigment functions as a linker to facilitate the energy 
transfer from the baseplate protein to the core pigments of the FMO protein. 
 
This orientation, the first to be determined experimentally, does confirm recent 
theoretical predictions that Bchl a #3 functions as a trap and transfers excitation to the 
RC (15, 19-21). Nevertheless, the question of how this pigment connects to the energy-
acceptor pigment in the RC is still unanswered. A detailed analysis of the docking of 
FMO and RC and the energy transfer process from the FMO to the RC requires an 
atomic-resolution structure of the whole complex.  
 
Packing of the chlorosome, FMO and CM layers.  
Having answered the principal question, what is the orientation of the FMO protein in the 
CM, we turn to some additional questions about the architecture of the system. One 
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question concerns the packing between the chlorosome, FMO, and the CM layers because 
the packing must affect the energy transfer efficiency and other cellular processes. The 
labeling results, obtained using small probes to map solvent-exposed surfaces, also 
allows some tentative conclusions to be made about the packing of the three layers.  
 
First, for peptides in group A, the presence of the CM doesn’t preclude modification 
(green and blue bars in Fig. 9A); rather the extent of modification is decreased to 30-40% 
compared to the free FMO protein. This outcome indicates that the interaction between 
the FMO protein and the CM is not sufficiently strong to lock the protein in the CM, a 
conclusion that is consistent with the STEM results (26). Further, peptide 332-339 (Fig. 
9E) of FMO in both the chlorosome-depleted membrane and the native membrane was 
modified to a similar extent as that from the free protein. If the Bchl a #3 side of the 
FMO was tightly locked with or significantly immersed in the CM, such a high level 
modification of this peptide on the CM would not be expected. 
 
Second, the comparable extents of some peptide modification from the chlorosome-
protected FMO and the free FMO (compare blue and red bars in Fig. 9C) indicate that the 
packing between the FMO and chlorosome layers has permeability to solvent water 
carrying the mapping reagent. It is likely that the FMO protein is available for labeling 
because it is not buried in the CsmA layer; indeed, 15-20 amino acids from the C-
terminus of CsmA stick out of the chlorosome envelope (35). In addition, the newly 
resolved eighth Bchl a and the possible linker function, as described above, may diminish 
the packing of the two layers. 
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All previously reported models (2, 36-37) of this membrane system hold that the FMO 
proteins are located beneath the chlorosomes and function mainly to transfer excitation 
energy from the chlorosomes to the RCs. Nevertheless, some FMO proteins may be 
present that are not covered by the chlorosomes. If so, moderate modification of 
chlorosome-protected peptides from FMO in the native membrane would be expected 
and is observed. Those uncovered proteins that increase the extent of modification are 
unlikely to be unbound because we did pellet both the purified chlorosome-depleted 
membrane and native membrane and took measures to remove any unbound FMO 
proteins.  
 
When the FMO protein was oriented through gel squeezing, linear dichroism experiments 
found that the C3 symmetry axis of a fraction of FMO trimers was not perfectly 
perpendicular to the membrane surface (25). In fact, such a tilt might explain why there is 
still low-level modification of peptides when FMO is interacting with the chlorosome 
(blue bars in Fig. 9C). The fraction of FMO proteins deviating from 90o is expected to be 
small and does not affect our overall conclusion on the orientation of the FMO proteins in 
the membrane. 
 
The probe molecule (GEE) used here, due to its small and compact size with its active 
group on the end (diameter: ~ 2.5 Å; length: ~ 7 Å), may not be sufficiently sensitive to 
the distances between the interacting bodies except when the binding is tight and strong. 
A new series of probes with different sizes and shapes are now being sought to probe the 
packing between the three layers in a way that is more sensitive to distance. 
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Packing of FMO on the CM.  
Bryant and coworkers (36-37) estimate that approximately 150-200 FMO trimers and 25-
40 RCs are present per chlorosome on the basis of pigment extraction. A range of 4-8 
FMO trimers are associated with each RC. Although the stoichiometry of the purified 
FMO-RC complex is still uncertain, it appears that each RC only has one or two FMO 
binding sites according to the STEM images (26). Therefore, there may be lateral energy 
transfer from FMO to FMO on the native CM, and this would require tight packing of the 
FMO proteins to increase the energy-transfer efficiency.  
 
The STEM images of the FMO-RC complex (26), however, indicate that the two possible 
FMO binding sites are not closely associated with each other. Biophysical studies of the 
purified FMO protein also are in accord with the proposal that there is little energy 
coupling between the three monomers of a FMO trimer even though they are tightly 
packed (23-24). Another concern is that ferredoxin should be able to move freely to 
accept the electron delivered from the RC. There should be enough space or channels 
between the chlorosomes and CM to permit its diffusion, although in a proposed model in 
which all the RCs are on the edge of the chlorosome (36), such channels are not required. 
Considering all these concerns, efficient lateral energy transfer does not appear to be 
possible. 
 
Due to the complexity of the system, it is difficult to predict the labeling pattern of the 
side of the FMO protein on the CM. Nevertheless, it is interesting to note that peptides 
248-259 and 260-268 were modified to a similar extent when the FMO protein is on the 
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CM compared to when it is free, which might indicate that there is no tight binding 
between them. A higher resolution experimental approach (possibly AFM) is required to 
determine the distribution of FMO on the CM. 
 
To conclude, the green sulfur photosynthetic bacteria contain a remarkably efficient and 
complex architecture to harvest sunlight and transfer the energy, step by step, to the RC, 
where electron transfer quenches the excitation. Specific protein-membrane and protein-
protein interactions play a crucial role in accomplishing the high efficiency transfer. We 
were able to establish for the first time the orientation of the FMO protein in its native 
setting. Furthermore, from a semi quantitative consideration of the labeling results, we 
were able to conclude the packing of the FMO layer is permeable to solvent water 
carrying the mapping reagent. These conclusions arise from results taken by a novel and 
efficient protein footprinting method. Indeed, the reagent used in this research works 
remarkably well under physiological conditions. Given that D/E residues are common in 
most soluble proteins, we believe this method can be extended to study a wide variety of 
protein-protein, protein-membrane, and protein-ligand interactions.  
 
Materials and Methods 
Cells of the thermophilic green sulfur bacterium Chlorobium tepidum strain TLS were 
grown anaerobically at 45 °C, 150 uE light intensity for 2 days. The cells were harvested 
by centrifugation at 10,000xg for 15 min. 
 
Native Membrane Preparation.  
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After the harvested cells were washed with 50 mM phosphate buffer (pH = 7.6), they 
were broken by sonication; the cell debris was pelleted by low-speed centrifugation, and 
the supernatant liquid was ultracentrifuged at 150,000xg for 2 hr. The pellet, containing 
the native membrane, was collected for later analysis. 
 
FMO Protein Purification.  
The FMO protein from C. tepidum was isolated according to a modification of the 
method described by Li et al (12). The main difference is that the starting material was 
the native membrane instead of the broken cells. After Na2CO3 incubation and 
ultracentrifugation, the supernatant containing the FMO protein was dialyzed against 100 
times volume of 20 mM Tris-HCl buffer (pH = 8.0) to remove residual CO32-. The 
solution was then purified by using ion exchange and gel filtration chromatography until 
OD267/OD371 < 0.6. The FMO protein was concentrated by Centricon 100MWCO and 
stored for further use.  
 
Chlorosome-Depleted Membrane Preparation.  
A method modified from Feick et al (38) was used to purify the chlorosome-depleted 
membrane from C. tepidum. 10% sucrose and 2 M NaI (Mallinckrodt Inc. Paris, KY) 
were added to the membrane suspension. The mixture was sonicated for 10 min in a 
water-bath sonicator. 0.05% of Deriphat 160c detergent (Henkel Corp. Ambler, PA) was 
added to prevent the membrane aggregation. A subsequent centrifugation at 80,000 xg for 
60 min resulted in a floating pellet, which is mainly chlorosome, and a supernatant. The 
supernatant was ultracentrifuged at 180,000 xg for 150 min and the supernatant was 
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harvested as the chlorosome-depleted membrane. Another round of centrifugation and 
ultracentrifugation yielded clean chlorosome-depleted membranes. 
 
Carboxyl Group Modification.  
The modification reaction was carried out for 2 hr at 4 °C, dark, phosphate buffer at pH = 
7.6, with 0.3 M glycine ethyl ester (GEE) (Sigma, St. Louis, MO) and 50 mM 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Pierce, Rockford, IL). The 
reaction was quenched by adding the same volume of 1 M sodium acetate, and the 
samples were immediately loaded onto SDS-PAGE gel to isolate the FMO protein. 
Before the modification reaction, both the native membrane and the chlorosome-depleted 
membrane were ultracentrifuged again to pellet the membranes and to ensure that there 
was no free FMO protein in the sample. The pellets were resuspended in 50 mM 
phosphate buffer (pH = 7.6), and the modification reaction carried out. The OD809 of the 
chlorosome-depleted membrane was approximately 0.8. The OD747 of the chlorosome 
peak in the native membrane was approximately 70. The isolated FMO protein was 
originally in Tris buffer; buffer exchange was done by diluting the concentrated protein 
stock into phosphate buffer, then concentrated, and diluted again several times. The 
OD809 of the FMO protein was approximately 4.  
 
LC-MS/MS  
The FMO band was cut from the SDS-PAGE gel, and the in-gel protein was trypsin 
digested following the manufacturer’s instructions by using proteomic grade trypsin from 
Sigma. The LC-MS/MS running method was adapted from Sperry et al (39). The peptide 
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solution was loaded onto a reverse-phase C18 column (0.075 mm × 150 mm) custom-
packed with silica media (5 µm, 120 Å, Michrom Bioresources, Inc.) The peptides were 
separated over 70 min using an Eksigent NanoLC-1D (Livermore, CA) with the LC 
gradient from 2% to 60% acetonitrile with 0.1% formic acid for 60 min and then from 
60% to 80% acetonitrile with 0.1% formic acid for 10 min at 260 nL/min followed by a 
12 min re-equilibration step by de-ionized water with 0.1% formic acid. The solution was 
sprayed directly from the column into the LTQ-Orbitrap mass spectrometer (Thermo-
Scientific, San Jose, CA) using a PicoView Nanospray Source (PV550, New Objective, 
Woburn, MA) with an spray voltage of 1.8 kV, no sheath gas and capillary voltage of 27 
V. Mass spectra of the tryptic peptides (m/z range: 350-2000) were acquired at mass 
resolving power of 60,000 (at m/z = 400) with an Orbitrap mass spectrometer while 
product-ion scans (MS/MS) of the six most abundant ions were performed in the ion trap 
part of the LTQ instrument at 35% of the normalized collision energy. An isolation width 
of 2 Da and an activation time of 30 milliseconds were used.  
 
Peptides and the D/E modifications were identified from the peptide accurate masses and 
product-ion sequencing by searching against the bacteria entries in the NCBI database 
using Mascot (Matrix Science, London, UK). The selected ion chromatograms were used 
to give quantitative information about chemical modification level on each peptide, as 
described in the Results section. Peak areas were obtained by integration of the various 
peaks by using Qual Browser (Xcalibur, Thermo-Scientific, San Jose, CA). 
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It is a great time to study photosynthesis. The current fossil fuel shortage and 
environmental problems have shifted public attention to promising alternative energy 
resources. Renewable bioenergy presents great potential to contribute to the global 
primary energy supply, although significant technical challenges exist to make it 
economically favorable (1). How we address the challenges and deliver a satisfactory 
solution will be the key to achieve a sustainable energy resource for the future.  
 
The base of renewable bioenergy, no matter it is biomass, biodiesel, biohydrogen or 
artificial photosynthesis, is the fact that photosynthetic species, including plants, algae, 
and all kinds of photosynthetic bacteria, can directly utilize solar radiation as energy 
input, which is sustainable, to produce food and store the energy. As biochemists, one of 
our contributions to the area is to understand of the molecular architecture of the protein 
complexes involved in the photosynthetic energy storage process and their relevant 
functions.  
 
There has been great advancement in understanding of the photosystem from green 
photosynthetic bacteria. The packing of the pigments BChl c/d/e inside the chlorosome 
has been intensively studied and a molecular model could be drawn (2, 3). We have 
started to know more about the baseplate protein (CsmA protein) (4-6). An 8th pigment 
was discovered in the FMO protein (7-9). Electronic quantum coherence was discovered 
in the FMO protein as the first report in any biological system (10-12). The 
understanding of the interaction between the FMO protein and the baseplate is improving 
(13-15). However, much more can be done. 
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The discovery of the 8th pigment in the FMO protein asks us to revisit its optical 
properties. In P. aestuarii, the 8th pigment has two axial ligands on the basis of the crystal 
structure, which is the first experimental report of this arrangement in a natural 
photosynthetic protein complex (7). The nature and function of this special ligation 
system should be understood. Careful resonance Raman spectral analysis might be used 
to study this bidendate ligation. In addition, theoretical calculations should play an 
important role in elucidating the functions of both the 8th pigment and the bidendate 
ligation. Moreover, it seems the 8th pigment is easy to be lost during the protein 
purification (7, 9). In the future, either an improved purification method that will prevent 
the lost of this pigment or an in vitro reconstitution method should be developed. 
Through such an in vitro method, the pigment can be put back to the protein. The key to 
such an assay is to develop a method to quickly check whether the 8th pigment is 
incorporated into the protein or not. 
 
The study of the FMO_BchP mutant indicates more heterogeneous pigment 
conformations, but the lowest site energy was retained and can be clearly resolved at 77K 
as the wild type FMO (16). It is going to be interesting to see the structure of this mutant 
FMO, which will provide us some insights of the lowest energy pigment(s). The 
successful assembly of this mutant is good news for mutagenesis studies of the FMO 
protein. Site-directed FMO mutants, which are undergoing under the supervision of Dr. 
Connie Kang, will be extremely valuable samples for us to understand the pigment-
pigment coupling and pigment-protein coupling in this protein. The nature of quantum 
coherence or the algorithm of energy transfer might be deciphered from these mutants. 
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The newly discovered Candidatus Chloracidobacterium thermophilum also contains 
FMO protein (FMO_Cab), although it only has a sequence similarity of ~ 50% to the 
FMOs from green sulfur bacteria (FMO_GSB) (17). The FMO_Cab has some different 
optical properties from the FMO_GSB. The protein has two emission peaks at room 
temperature but only one at 77 K. It seems there is a strong thermal equilibrium between 
the two populations at room temperature (18). A computer created FMO_Cab structure 
using homolog modeling indicates two major structural differences between the 
FMO_Cab and the FMO_GSB (Fig. 1). It turned out the unconserved region between 
residues 200-210 might be the CsmA binding region, since the same region on the 
FMO_GSB was predicted to be the CsmA binding region by H/D exchange (15), 
crystallization and molecular docking (unpublished data). It is quite possible that the 240-
250 region, which is located on the side of trimer, is the RC binding region. This 
assignment agrees with the STEM image of the FMORC complex that the side of the 
FMO interacts with the RC (24). However, this needs to be tested by further experimental 
results. Overall, these two regions seem to not affect the protein’s optical properties. The 
atomic resolution structure of the FMO_Cab is needed to understand the detailed binding 
sites of individual pigments and their site energy tuning by the environment. 
 
The detailed interaction between the baseplate and FMO, including the binding sites, 
binding affinity and stiochiometry has been studied by H/D exchange using the C- 
terminal 20 amino acids of the CsmA as a ligand (15). The binding sites were also 
investigated in collaboration by crystallization using the same peptide and molecular 
docking and simulation. Similar approaches might be used to study the interaction  
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Fig 1.  FMO_Cab structure predicted by homolog modeling using Swiss-Model. The 
predicted structure of FMO_Cab (red) was aligned with FMO structure from C. tepidum 
(green) (PDB code: 3ENI). Two regions show strong structural differences. The 200-210 
region was predicted to be the CsmA binding region. The 240-250 region was proposed 
to be the RC binding region. 
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between the FMO and the RC. A tentative target as a ligand is the region predicted from 
the alignment of FMO_Cab and FMO_GSB as mentioned above. Another approach 
which might be more productive is to get the crystal structure of the FMORC complex. 
 
The molecular mechanism of the redox regulation in the FMO protein has always been a 
mystery (19). Although intensive search of possible quencher(s) by both HPLC and MS 
analysis of possible post translational modifications is negative so far, there must be 
something sensitive to dithionite and to control the redox state of the protein. H/D 
exchange of the FMO protein and the FMO protein with dithionite indicates that 
dithionite will open the FMO trimer slightly by showing increased deuterium uptake at 
the center of the FMO trimer. However, the detailed molecular mechanism of the 
quenching is still missing. One possibility is that the fast decay component observed 
under normal or oxidizing conditions is due to the exciton delocalization among the three 
monomers in a trimer. Under reducing condition, such as when the protein is reduced by 
dithionite, the delocalization is blocked by opening the trimer. However, this analysis is 
contrary to the commonly accepted idea that the exciton delocalizaion among the 
monomers in a trimer is weak and can be ignored. 
 
Beyond the FMO protein, the RC from green sulfur bacteria (and also heliobacteria) is a 
homodimer which is quite evolutionarily interesting, since the other RCs, like PSI, PSII 
and RC from purple bacteria, are heterodimers. Heliobacteria are extremely oxygen 
sensitive. At this point, the RC from GSB is a much more attractive system to study and 
there are some very interesting questions waiting to be answered (refer to a review 20). 
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The chlorosome from green photosynthetic bacteria is a kind of cellular organelle. The 
nature that BChl c/d/e self-assembled to form the chlorosome makes it a good candidate 
for developing bio-hybrid solar devices (21, 22). A very interesting fundamental question 
is the biogenesis of the chlorosome in the cell. 
 
Green sulfur bacteria are photoautotrophs. They can grow on minimal media with the 
energy input from the sunlight and electron donor normally from sodium sulfide, and 
they fix carbon. The doubling time of C. tepidum is ~ 2 hr, close to yeast. A very 
attractive area is to genetically engineer species like C. tepidum to produce chemicals we 
need, like drugs. The nature of their food requirements will dramatically lower the cost. 
 
Mass spectrometry is a very powerful technique. The method we developed using 
specific covalent labeling the surface exposed D/E residues on protein surfaces turned out 
to be very sensitive to the protein/protein and protein/ligand binding interface (13). This 
method might be applied to other systems in the photosynthetic research or other areas. 
Measuring protein complexes by mass spectrometry using native electrospray has 
demonstrated its power in determining the stoichiometry of a protein complex (9) and its 
topology (23). With a new 12 T FTICR machine equipped in the MS center at 
Washington University, the marriage between native spray and the ability to do top-down 
mass spectrometry by this new machine will open a new research area. 
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